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Abstract 
 
 
In order to study structure and microstructure of crystalline materials, the powder 
diffraction method, which allows rapid and non-destructive analysis of multi-component 
mixtures is now one of the most widely used technique in many research fields. 
 In this work, 
i) the instrument parameters of a Mo-Kα1 diffractometer, the P02.1 beamline at Petra III 
and the MSPD beamline at ALBA for both real and reciprocal space are determined. The real 
space resolution LaB6 in the PDF are 0.1977 Å, 0.1009 Å and 0.1193 Å for a Mo-Kα1 
diffractometer, the P02.1 beamline at Petra III (SDD 200mm) and the MSPD beamline at 
ALBA, respectively. On the other hand, the angular resolution in the Rietveld refinement of 
LaB6 are 0.0666
o, 0.0556o and 0.0281o.  
ii) the average and local structure of nanocrystalline Al0.57Sn0.43O1.71 anode material was 
investigated using conventional Rietveld refinement and X-ray Pair Distribution Function 
(PDF) technique. The crystallite sizes of both Al0.57Sn0.43O1.71 nanoparticles synthesized at 
550oC and 40oC determined from the peak attenuation in the PDF refinement are about 20 Å, 
which are smaller in the Rietveld refinement due to the small size of the nanoparticles, which 
results in peak broadening. According to the weight-independent partial PDFs of cation-anion 
pairs for both samples, oxygen vacancies are located mostly around the Al atoms and cation-
cation pairs for both samples illustrate a clustering of Al atoms. The volume changes during 
Li-Sn alloying/dealloying can be compensated by a large enough Li-Al-O matrix which may 
 Abstract XVIII 
help to give better electrochemical performance. The best electrochemical cycling stability 
performance was obtained for the sample calcined at 550oC.  
iii) the electronic structure of LiMn2O4 was obtained using Rietveld refinement and 
PDF methods based on ex situ data, and the successful application of in situ total scattering 
experiments on LiMn2O4 was also shown. The results of the average structure analysis of 
LiMn2O4 sample obtained from the Rietveld refinement are in agreement with that of PDF, 
however in short distances they do not match very well due to the local distortion around the 
Mn ions. Because of that and to illustrate the electronic structure of ex situ PDF data RMC 
refinements were performed. As a result the average valence of the Mn ions is obtained to 
+3.72 and the structure has 0.56 mol of Mn3+. Additionally, in situ total scattering experiments 
were carried out on LiMn2O4, where background measurements were done and subtracted 
from the data of the active material. 
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Chapter 1 - Introduction 
 
 
The powder diffraction method is one of the most widely used techniques available to 
study the structure and microstructure of crystalline materials [1]. Powder diffraction allows 
rapid, non-destructive analysis of multi-component mixtures without the need for extensive 
sample preparation. This gives laboratories the ability to quickly analyse unknown materials 
and perform materials characterization in such fields as chemistry, materials science, geology, 
mineralogy, forensics, archaeology, and the biological and pharmaceutical sciences [2]. The 
powder diffraction method was devised independently in 1916 by Debye and Scherrer [3] in 
Germany and in 1917 by Hull [4] in the United States. After half a century, this technique 
developed steadily and, the conventional applications were established such as phase 
identification, the determination of accurate unit-cell dimensions, the analysis of structural 
imperfections and to measure sample purity [5]. After the Second World War, rapid progress 
took place in the powder diffraction methods. The progress in the speed of data collection and 
quality of results were due to the development of instrumentation (automated diffractometers, 
goniometers, generators, detectors etc.), as well as the availability of digitised data and to 
numerical methods of structure solving and refinement [6].  
In 1967, Hugo Rietveld introduced a powerful method for refining the parameters of 
the crystal structures from powder diffraction data [7]. Rietveld refinement is described 
simply as matching the entire experimental diffraction pattern and the model which is created 
based on this experimental data by refining both instrumental and structure parameters until 
the best fit is reached.   
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Modern technology demands nanoparticles and more sophisticated complex materials 
because of having higher performance. To investigate the nanoparticles and to increase the 
performance of complex functional materials, it is crucial to understand the properties of these 
materials. Increasingly, these complex materials have disorder and the shortcomings of the 
conventional crystallographic analysis become apparent. The conventional crystallographic 
analysis is based on Bragg reflections that relate to the long-range average structure of 
materials. It ignores the weak diffuse scattering that contains valuable information about the 
local structure. As a result, it gives only spatially averaged information of the structure and 
the information regarding the local deviations from the perfect lattice is not represented 
accurately. An alternative approach is the so-called total scattering technique and treats both, 
the Bragg and diffuse scattering (i.e. all diffraction data). Fourier transformation of the total 
scattering data is known as Pair Distribution Function (PDF) analysis [8,9]. 
The Pair Distribution Function (PDF) that is a description of the real space structure 
gives the probability of finding a pair of atoms at a distance of r. The PDF method has 
successfully been used in the study of liquids, glasses and other amorphous materials which 
have no long range order at all and crystalline materials as well [8–11]. 
With the rapid development of portable electronic devices, and electrical/hybrid cars 
much attention has been paid to high energy and high power density lithium ion batteries 
(LIBs) [12–14]. Recent investigation shows that higher power and energy densities could be 
achieved by introducing disorder into the electrode. By properly controlling the type and 
degree of disorder, the electrochemical properties of lithium ion batteries can be improved in 
some cases. Calcination temperature or doping plays an effective role on the degree of 
disorder and in enhancing the performance [15,16]. The alternative approach to conventional 
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crystallographic analysis, the PDF analysis on the disordered structure of electrodes in LIBs 
opens up a new field of structural analysis. 
It has already been reported that SnO2 is a promising candidate material as an anode 
material in LIBs since it has higher capacity in comparison to graphite anode material [17–
21]. However, SnO2 type material suffers from irreversible capacity loss due to the formation 
of an electrochemically inactive Li2O matrix around the active Sn metal, as well as a large 
volume expansion of more than 200% during electrochemical cycling [18,22,23] causing 
huge internal stress . Because of the stress, a capacity fading during cycling occurs, due to the 
loss of electric contact [24–27]. In order to overcome these drawbacks and to improve the 
electrochemical performance, the particle size can be reduced to 2-3 nm, which leads to a 
decrease of mechanical stress in the particles due to the volume expansion. Kim et al. showed 
that SnO2 nanoparticles with an average size of 3 nm have negligible capacity fading after 60 
cycles even at high charging rates [28]. On the other hand, in parallel with a reduced particle 
size [29–31], some of the Sn can be substituted by a second metal with different oxidation 
state like Al in order to induce oxygen vacancies inside the structure to improve the 
electrochemical performance.  
In this study, the average and the local structures of the selected electrode materials are 
investigated. In order to do so the instrument parameters of Mo-Kα1 diffractometer, P02.1 
beamline at Petra III and MSPD beamline at ALBA for both real and reciprocal space have 
to be determined. Then, the average and local structure investigations of nanocrystalline 
Al0.57Sn0.43O1.71 anode material are carried out using conventional Rietveld refinement [32] 
and X-ray Pair Distribution Function (PDF) techniques [8,33]. The structural properties with 
respect to the results of electrochemistry, NMR, HRTEM and Mössbauer of nanocrystalline 
Al0.57Sn0.43O1.71 anode material will be discussed.  
 Chapter 1 - Introduction 4 
The electronic structure of LiMn2O4 (determination of the oxidation state of Mn) is 
obtained by using the Rietveld and PDF methods based on ex situ data as well as the 
application of in situ total scattering experiments on LiMn2O4, as well. 
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2.1. Battery 
 
2.1.1. Battery Concepts 
 
Electrochemical power sources convert chemical energy into electrical energy, and/or 
vice versa using redox reactions [34]. 
A battery consists of one or more galvanic elements which is the simplest 
electrochemical cell [35]. A galvanic element, which consists of electrode materials dipped 
into the electrolyte, is a current source where a local separation of oxidation (at the anode) 
and reduction (at the cathode) processes exist [34].   
oxidation                                                   𝐴 ⇌ 𝐴+ + 𝑒− (1) 
reduction                                                   𝐵+ + 𝑒− ⇌ 𝐵 (2) 
To satisfy different applications and in order to obtain high battery voltages, the cells 
are connected in series (Figure 1-a), and to obtain high power they should be connected in 
parallel (Figure 1-b).  
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Figure 1 - An illustration of batteries connected (a) in serial and (b) in parallel. 
 
Electrochemical batteries are classified into 2 categories depending on the principles of 
their operation; 
The primary battery is a non-rechargeable cell, or group of cells [36] in which the 
electrochemical reaction is irreversible and it can be used only once through to the discharged 
state and is then discarded.  
Secondary batteries are rechargeable multiple times [34]. In today´s market, the most 
common rechargeable batteries are lead acid, nickel-cadmium (NiCd), nickel-metal hydride 
(NiMH) and lithium ion batteries (LIBs). LIBs offer a high energy density, a high operational 
voltage, high capacity, lightweight and a long cycle lifetime. A comparison of secondary 
batteries is shown in Table 1. 
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Table 1 - Comparison of secondary batteries. 
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2.1.2. Battery Characteristics 
Batteries are characterized by the following parameters; 
2.1.2.1. Voltage 
Voltage, the electrical driving force, is equal to the difference between the standard 
electrodes potential at the cathode and at the anode [30,37]. The voltage of a cell which is not 
on charge/discharge is called open circuit voltage. On the other hand, the voltage of a cell 
which is connected to a circuit and produces a current through it, is called closed circuit 
voltage. 
 ∆𝐸0(𝑐𝑒𝑙𝑙) = 𝐸0(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) − 𝐸0(𝑎𝑛𝑜𝑑𝑒) (3) 
 
2.1.2.2. Capacity and Specific Capacity 
The capacity (C) is the total amount of charge stored in the cell and is given by 
 𝐶 = 𝑛. 𝐹 = 𝐼. 𝑡 (𝐴ℎ) (4) 
The capacity is conventionally expressed as Ah/kg and called specific capacity: 
 
 
𝐶𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =
𝑛. 𝐹
∑ 𝑚𝑖𝑖
 (𝐴ℎ/𝑘𝑔) 
(5) 
 
2.1.2.3. Power Density and Specific Power 
Specific power and power density are a measure of the power that can be derived per 
unit mass (Eq. 6) or volume (Eq. 7), respectively. The power of a battery is improved by 
enhancing both diffusion of ions and electrical conductivity.  
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𝑝 =
𝐼. ∆𝐸0
∑ 𝑚𝑖𝑖
 (𝑊/𝑘𝑔) (6) 
 
𝑃𝑉 =
𝐼. ∆𝐸0
∑ 𝑉𝑖𝑖
 (𝑊/𝑙) (7) 
 
2.1.2.4. Energy Density and Specific Energy 
Specific energy and energy density are the amount of energy delivered per unit mass 
and volume, respectively. 
 
𝑤 =
𝑛. 𝐹. ∆𝐸0
∑ 𝑚𝑖𝑖
 (𝑊ℎ/𝑘𝑔) (8) 
 
𝑊𝑉 =
𝑛.𝐹. ∆𝐸0
∑ 𝑉𝑖𝑖
 (𝑊ℎ/𝑙) (9) 
2.1.2.5. The Charge/Discharge Rate 
The C-rate is defined as the current to charge/discharge a battery. It is a measure of how 
fast the cell is charged or discharged. 1C means that the cell is either charged or discharged 
in 1 hour. 0.5C means that it is charged or discharged in 2 hours. 
Rate capability or rate performance indicates how much capacity can be delivered by a 
battery or a cell at different current rates applied. A lower degree of capacity reduction at high 
rates is preferred. 
2.1.3. Overview of Lithium Ion Batteries 
Lithium secondary batteries use the lithium ions as the main charge carrier. The 
electrodes are dipped in the electrolyte that is an ion conduction material with low internal 
resistance and can be in the form of a liquid, molten salt, or in the solid state [38]. The 
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separator is a barrier for electron transport and allows ionic transport only. As a consequence 
it prevents short circuits. When the electrochemical redox reaction occurs at the interface of 
the electrodes and electrolyte, Li ions are shuttled between the electrodes and at the same 
time, an electron flow starts between electrodes via the external wire in a closed circuit 
[30,37]. 
The terms of anode and cathode should always be mentioned with respect to the 
discharging process in the case of rechargeable batteries. Li+ and electron transport during 
charging and discharging in a Li-ion cell are schematically shown in Figure 2. In a 
discharging battery, the anode is the electrode where the electrochemical oxidation reaction 
(release of electrons into the external circuit) takes place and the cathode is the electrode 
where the electrochemical reduction reaction (gain of electrons from the external circuit) 
occurs. When the cell is connected to a power supply, the process occurs in reverse way. To 
avoid the confusion of the terms, it is better to use positive and negative electrodes for higher 
(cathode) and lower (anode) standard potentials, respectively. 
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Figure 2 – Transport of Li+ and electrons during charging and discharging in a Li-ion cell. 
 
In the early stage of development, lithium metal was used as an anode owing to its 
negative redox potential (-3.05 V) and the high theoretical specific capacity (3860 mAh/g). 
However, it fails due to safety issues such as the formation of dendrites on the surface of 
lithium metal which leads to short circuits [2,39]. For that reason, the lithium metal anode 
was replaced by carbon-based materials such as graphite. Graphite, 372 mAh/g of theoretical 
specific capacity, can intercalate up to one Li per six carbon atoms between graphene layers 
electrochemically and reversibly at low potentials (from 0-0.25 V vs. Li+/Li).  
Physical and chemical properties of the most widely used commercial secondary 
batteries are shown in Table 2 [39]. Both, Table 1, Table 2 and Figure 3 demonstrate that 
lithium ion batteries show high output voltage, high energy density, long lifespan and flexible 
lightweight design.  
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The electrolyte of lithium ion batteries commonly consists of a lithium salt in an organic 
solvent. In recent years with an increasing interest in high voltage LIBs, the electrolyte plays 
a critical role because the available electrolytes are not stable at high voltages and the 
decomposition of electrolyte starts around 4.5 V [40]. The electrolyte for LIBs should be 
stable, safe and highly ionic conductive. Current collectors of LIBs conduct electricity 
between the electrode and the terminal [41]. Aluminium and copper foils are commonly used 
for the cathode and anode sides, respectively. 
Table 2 - Properties of most used commercial secondary batteries. 
 
 Negative 
Electrode 
Positive 
Electrode 
Electrolyte 
Voltage 
(V) 
Cycle life 
Lithium-ion  Graphite LiCoO2 LiPF6(nonaqueous) 3.7 >1000 
Lead-acid  Pb PbO2 H2SO4(aqueous) 2.1 <500 
NiCd  Cd NiOOH KOH(aqueous) 1.2 2000 
NiMH  Intermetallic NiOOH KOH(aqueous) 1.2 500-1000 
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Figure 3 - Comparison of energy densities of secondary batteries in terms of volumetric and 
gravimetric [2,42]. 
 
2.1.3.1. Positive Electrodes 
The term cathode is used for positive electrodes where the reduction occurs during 
discharging in the case of rechargeable batteries. The development of promising cathode 
materials for LIBs is critical because of the high cost of the actually available materials. The 
cost of cathode material is almost twice that of anode´s [43]. Beside low cost, the cells should 
also provide high energy density, high capacity, safety and improved efficiency. Modern 
cathode materials are generally prepared in the discharged state that is in the lithiated state.  
The structure of the currently well-known cathode materials, typically determines the 
lithium diffusion pathways. They are classified into three major types; one-dimensional (the 
 Chapter 2 - FUNDAMENTALS - Battery 14 
olivine type of LiFePO4 (LFP), two-dimensional (the layered structures with a formula of 
LiMO2 (M=Co, Ni, Mn etc.)) and three-dimensional (spinel type structures). 
The spinels with a general sum formula of AB2O4, have three-dimensional channels for 
lithium diffusion as shown in Figure 4. The well-known and most commonly used spinel type 
cathode material is LiMn2O4, which is one of the investigated materials in this work. This type 
of cathode material has low cost, excellent high rate performance due to its 3D framework 
and high energy density [44]. On the other hand, it has some shortcomings such as low 
discharge capacity and the dissolution of manganese during cycling [41]. These drawbacks 
can be partially suppressed by doping at the 16d site (in 𝐹𝑑3̅𝑚) with elements such as Ni, Cr, 
Ti etc. 
The spinel structure crystallizes with space group symmetry 𝐹𝑑3̅𝑚 in which lithium 
and metal M3+/4+ such as Mn, Ti, V etc. ions are located at the 8a tetrahedral and 16d 
octahedral sites, [Li]tet[M2]octO4, respectively with a cubic close-packed (ccp) oxygen 
sublattice. The oxygen ions are situated on a 32e site. While the 16d octahedral sites share 
edges with each other, the 8a tetrahedral sites share faces with vacant 16c octahedral sites. 
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Figure 4 - Crystal structure of spinel LiM2O4 (M=Mn, Ti and V etc.) in 𝐹𝑑3̅𝑚 space group. 
 
 
Figure 5 - Lithium diffusion pathway in the spinel structure in projection along [101]. 
 
Lithium ions move along a zigzag pathway (8a-16c-8a-16c) in three dimensions, which 
is energetically favourable in the structure (Figure 5). The 3D pathway yields rapid lithium 
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diffusion in the three-dimensional structure during electrochemical cycling. In addition, the 
spinel structure has good electrical conductivity due to metal-metal interaction between the 
cations on the 16d octahedral site [34].  
The presence of Mn3+ ions in the LiMn2O4 structure causes a Jahn-Teller distortion that 
is a geometric distortion of a system. Jahn-Teller distortion reflects the interaction between 
electronic and structural degrees of freedom [45]. The Mn4+ ion has the d3 configuration that 
is electronically degenerate and symmetric. However, the Mn3+ ion has high spin d4 
configuration, which is electronically non-degenerate. In this case, the orbitals are 
asymmetrically occupied and the energy in the system is reduced by distorting the 
environment.  
2.1.3.2. Negative Electrodes 
Anode materials for high performance LIBs should have a low potential so that high 
cell voltage can be obtained together with the cathode [30]. To improve cycle life, the crystal 
structure of the anode material should have no significant changes during Li+ de/intercalation. 
At the beginning of lithium battery development, lithium metal was used as an anode 
material. Lithium metal has a very low standard potential (-3.05 V vs. a standard hydrogen 
electrode (SHE)) [46],  high specific capacity (3680 mAh/g) and low density (0.534 gcm-3). 
However, lithium metal has some drawbacks such as safety problems as well as handling.  
Hydrogen can be produced when in contact with water (moisture), which makes it necessary 
to assemble cells in a dry room and take precautions against hydrogen gas explosions. 
Additionally, Li metal is prone to dendrite formation during cycling that can eventually 
penetrate into the separator and lead to short circuit of the cell. To overcome these problems, 
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lithium metal is replaced by carbon based and non-carbon based materials (such as titanium 
containing materials (Li4Ti5O12), alloying materials etc.).  
2.1.3.2.1. Graphite 
Currently, carbon based materials such as graphite or soft (graphitizable by calcination) 
/hard (non-graphitizable by calcination)) carbon are used as major anode materials. Graphite 
has a specific capacity of 372 mAh/g and high electronic conductivity. Additionally, the 
working voltage range of graphite vs. Li+/Li is from 0 to 0.25 V. On the other hand, it shows 
low specific capacity, lithium metal plating on the surface which may occur especially at high 
charging current and low temperature, limited rate capability upon charge, the SEI (the solid 
electrolyte interphase) expansion, graphite exfoliation due to interaction of solvent, cracks, 
gas formation, SEI dissolution and volume expansion of ~10% [46–49].   
2.1.3.2.2. Alloys 
Besides commercially available graphite, numerous metals such as Ag, Al, Ge, Sb, Si, 
Sn, Zn etc. are able to electrochemically form alloys with lithium [30,34,42]. Some metals 
(Sn and Si) have a low potential and a high specific capacity similar to that of lithium metal. 
Characteristic properties of some metallic anode materials and graphite are tabulated in Table 
3. However, during electrochemical cycling the alloying of the metals causes a huge volume 
expansion/contraction, as shown in Figure 6, which leads to cracks and pulverization of the 
electrode. In the end rapid capacity loss occurs due to loss of electric contact [17,23,46].  
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Table 3 - Properties of anode materials [30]. 
Anode 
Theoretical 
capacity 
(mAh/g) 
Practical 
Capacity 
(mAh/g) 
Avg. 
Potential 
(V) 
 
Li metal 3800 - 0 
Graphite 372 360 0.1 
Silicon 4200 1000 0.16 
Tin 790 700 0.4 
 
 
 
Figure 6 - Volume expansion/contraction of metal alloys during cycling [41]. 
 
Besides graphite as anode material, which has a specific capacity of 372 mAh/g and a 
volumetric capacity of 820 mAh/cm3, Sn is one of the most attractive candidates that offers 
high capacity. Although Sn metal has a lower theoretical gravimetric capacity (790 mAh/g) 
than metallic lithium (3800 mAh/g) and Si (4200 mAh/g), the volumetric capacity of Sn 
(~2000 mAh/cm3) is comparable to metallic lithium (~2000 mAh/cm3) and Si (~2400 
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mAh/cm3) [27,50]. Additionally, the working voltage of Sn and its alloys is between 0.6 V 
and 0.2 V.  However, Sn metal has disadvantages such as pulverization and mechanical stress 
caused by the volume expansion and cracking of particles during cycling Figure 7. The 
formation of cracks is directly proportional to the amount of lithium ions. In the following 
cycles, a solid electrolyte interface (SEI) layer with the decomposed electrolyte forms in the 
cracks and this results in a huge capacity loss [30] and eventually leads to capacity fading.  
 
Figure 7 - Illustration of volume expansion, cracks and SEI formation in metal particles. 
 
In order to suppress the excessive volume expansion of Sn based anode materials and 
to improve the electrochemical performance several methods can be used such as: 
i. Reducing the particle size [28,29,51,52] 
It is known that minimizing the particle size diminishes the mechanical stress caused 
by volume expansion/contraction during cycling. Recently, investigations show that below a 
critical particle size cracks do not occur [30]. Kim et al. showed that SnO2 nanoparticles with 
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an average size of 3 nm have negligible capacity fading after 60 cycles even at high charging 
rates [28]. 
ii. The use of active/inactive metal composites [28,30,53] 
Electrochemically active Sn metals are well dispersed in the inactive Li2O matrix and 
thereby the aggregation of Sn metals is hindered. However, Sn metals from delithiation of the 
Li-Sn alloy phase aggregate again with each other upon further cycling and this aggregation 
destructs the inactive Li2O matrix [27]. 
iii. The use of ternary compounds [52–57] 
In order to avoid the huge capacity loss from the irreversible reactions associated with 
the inactive Li2O matrix in the first cycle, oxygen could be replaced with another metal such 
as Mo, B, Si, Al etc. or by using ternary compounds (SnMxOy). Even though the metal has 
better electronic conductivity compared to the Li2O matrix, it reduces the mobility of lithium 
ions during cycling [30] and leads to a decrease of the rate capability. For that reason, the 
inactive Li2O matrix is also necessary besides the metal. According to recent investigations, 
the best performance can be obtained using nanostructured materials together with ternary 
compounds. 
Sn based anode materials offer much higher capacity (700-1491 mAh/g) [17–19,58,59] 
than commonly used graphite. The reaction of SnO2 with Li during Li intercalation evolves 
in two steps [21–23,26]: 
 SnO2 + 4Li
+ + 4e− → Sn + 2Li2O  (10) 
 Sn + 2Li2O + xLi
+ + x𝑒− ⇌ LixSn + 2Li2O (0 ≤ x ≤ 4.4) (11) 
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The mainly irreversible reduction process of SnO2 to metallic Sn is shown in Eq. (10) 
which causes an initial irreversible capacity loss due to the formation of an amorphous 
inactive Li2O matrix [21,28]. Its theoretical capacity is 711 mAh g
-1. On the other hand, the 
second reaction (Eq. 11) is the mostly reversible alloying/dealloying process between metallic 
Sn and LixSn metal. This process corresponds to a theoretical capacity of 991 mAh g
-1 which 
is more than the theoretical capacity of the currently used graphitic carbon. However, a large 
volume expansion of more than 200% occurs during the reversible alloying/dealloying 
process [22,23], causing huge internal stress. In the end, a capacity fading during cycling  
occurs due to the loss of electric contact [24–26]. Different approaches can be applied to 
overcome this problem as explained above. It has been reported that the electronic, optical, 
and electrochemical properties of SnO2 can be tuned by Al doping [60–63] and it could also 
be shown that doping with Al restricts the grain growth during thermal treatment [64–67]. 
Sn-based anode materials (Al0.57Sn0.43O1.71), which were synthesized at two different 
calcination temperatures (550oC and 40oC) is investigated in this work. The reaction 
mechanism of nanocrystalline Al0.57Sn0.43O1.71 material is illustrated schematically in Figure 
8. 
 
Figure 8 – Schematic illustration of the Al0.57Sn0.43O1.71 reaction with Li. 
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2.2. Experimental Methods 
 
2.2.1. Rietveld Method 
In order to investigate the average structure of the material in reciprocal space, the 
Rietveld full-profile fitting method [7] was applied using the program package FullProf Suite 
[68]. The Rietveld method is a powerful technique for extracting the crystal structural 
information from X-ray and neutron powder diffraction data. The Rietveld method uses a 
least-squares approach, to minimise the weighted sum of the point-by-point differences 
squared in a powder diffraction pattern. The intensity is calculated using the experimental 
parameters such as instrumental parameters, background intensities, absorption, extinction 
etc. and the sample dependent parameters such as unit cell parameters, atomic fractional 
coordinates, atomic occupancy of each crystallographic site, Debye-Waller factors and 
background. Minimization is defined by an equation such as: 
 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = ∑ (𝑤𝑖(𝑌𝑜𝑏𝑠𝑖 − 𝑌𝑐𝑎𝑙𝑐𝑖)
2
)
𝑁−1
𝑖=0
 (12) 
where wi is the statistical weight and it is equal to 1/σi2 where σi2 is the variance of the observed 
intensity and σ is the standard deviation. N is the total number of points of the pattern used in 
the refinement. Constraints can be applied to reduce the degree of freedom of the set of 
equations that has to be solved. The Rietveld method allows refining unit cell dimensions, 
atomic coordinates, profile parameters, atomic site occupancies, temperature factors and 
background parameters at once. The information of the entire powder pattern can be separated 
into four groups [10] shown in Table 4: 
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Table 4 - Information content of a powder pattern 
peak intensity 
2
hkl
F  
structure factors, occupancy, temperature factor, atomic 
positions, texture, absorption and geometrical contributions (e.g. 
polarization) 
peak position lattice parameters, symmetry and instrumental contributions 
background 
diffuse scattering (e.g. local structure, amorphous fraction etc.), 
Compton scattering and scattering from sample container or air  
peak shape 
microstructural parameters (e.g. microstrain and crystallite size) 
and instrument profile 
 
The quality of the Rietveld refinement is indicated by some residual functions, see 
below. The profile R-factor, which is the most straightforward discrepancy index, is a measure 
of the disagreement between the observed and calculated profile: 
Profile Factor: Rp=100
∑ |𝑌𝑜𝑏𝑠𝑖 − 𝑌𝑐𝑎𝑙𝑐𝑖|
n-1
i=0
∑ 𝑌𝑜𝑏𝑠𝑖
𝑛−1
𝑖=0
 (13) 
Weighted Profile Factor: Rwp=100√
∑ 𝑤𝑖|𝑌𝑜𝑏𝑠𝑖 − 𝑌𝑐𝑎𝑙𝑐𝑖|
2𝑛−1
𝑖=0
∑ 𝑤𝑖𝑌𝑜𝑏𝑠𝑖
2𝑛−1
𝑖=0
 (14) 
The Rwp considers the statistical error associated with each point (the weighting 
scheme). 
Expected Weighted 
Profile Factor: 
Rexp=100√
𝑁 − 𝑃
∑ 𝑤𝑖𝑌𝑜𝑏𝑠𝑖
2𝑛−1
𝑖=0
 (15) 
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The expected weighted profile factor gives the statistically best possible Rwp quantity 
using the number of data points, N and the number of refined parameters, P. The Rexp reflects 
the quality of the data (the counting statistics). 
A good measure of the quality of the Rietveld refinement, so-called reduced chi-square, 
is the squared ratio between the weighted profile R-value and the expected R-value, which is 
given as: 
Reduced chi-square 𝜒2 = [
𝑅𝑤𝑝
𝑅𝑒𝑥𝑝
]
2
=
∑ 𝑤𝑖|𝑌𝑜𝑏𝑠𝑖 − 𝑌𝑐𝑎𝑙𝑐𝑖|
2𝑛−1
𝑖=0
𝑁 − 𝑃
 (16) 
 
In order to reduce the number of free parameters, constraints can be introduced into the 
refinement. In crystalline materials, groups of atoms, molecules or coordination polyhedra 
have a well-established structure and they are not completely independent [10]. Constraints 
apply on the coordinates of sites with specific local symmetries. A Rietveld refinement 
combined with restraints has a beneficial effect on the progress of the refinement. Examples 
of restraints are linear restraints (e.g. chemistry and crystallographic site occupancy), 
interatomic distances and angles. Using restraints, the refinement is stabilized, false minima 
are avoided and convergence is faster. 
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2.2.2. Pair Distribution Function 
 
 
2.2.2.1. Theoretical Background 
The Pair Distribution Function (PDF) gives the probability of finding an atom at a given 
distance r from another atom in real space [69]. It is a histogram of interatomic separations in 
a material [70] and it represents a weighted bond length distribution. The PDF, G(r), is 
obtained via a sine Fourier transform of the total structure function, S(Q), according to: 
 
𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0] =
2
𝜋
∫ 𝑄[𝑆(𝑄) − 1]sin (𝑄𝑟)𝑑𝑄
∞
0
 (17) 
where ‘r’ is the distance between two atoms and Q is the magnitude of the scattering vector, 
Q=|k-k0|. For elastic scattering, Q=4πsinθ/λ=2π/d, where 2θ is the scattering angle and λ is 
the wavelength of the scattering radiation. ρ0 is the average number density of scatterers 
(number of atoms in symmetrized unit cell per unit cell volume), ρ(r) is the pair density 
function (Eq. 18),  fi and fj are the scattering factors for atoms i and j and <f>
2 is the square 
of the average of the atomic form factors in the sample. In the case of X-rays, it becomes very 
small at high-Q [8,71]. 
 
𝜌(𝑟) =
1
4𝜋𝑟2
∑∑
𝑓𝑖𝑓𝑗
〈𝑓〉2
𝛿(𝑟 − 𝑟𝑖𝑗)
𝑗𝑖
 (18) 
The PDF can be calculated straightforwardly; 
 
𝐺(𝑟) =
1
𝑟
∑∑
𝑓𝑖𝑓𝑗
〈𝑓〉2
𝛿(𝑟 − 𝑟𝑖𝑗)
𝑗𝑖
− 4𝜋𝜌0 (19) 
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The sum goes over all pairs of ith and jth atoms in the sample separated by rij, δ is the 
delta distribution. 
The PDF is a sine Fourier transform of S(Q) of the measured intensity and takes both, 
Bragg and diffuse scattering into account. The Bragg scattering contribution can be analysed 
by the conventional Rietveld approach with high degree of accuracy in reciprocal space and 
provides information on the average and periodic structure regarding long-range order. The 
diffuse scattering which lies between and beneath the Bragg reflections yields information 
regarding the short range order and, therefore, local deviations from the average structure 
[72]. It has weaker intensities compared to Bragg reflections and dominates at higher 
scattering angles where the Bragg reflections are weak due to the Debye-Waller factor. In 
conventional Rietveld refinements, the diffuse scattering contribution is usually discarded. 
The coherently scattered intensity from a sample is given by the Debye Equation 
[73,74]: 
 
𝐼𝑐𝑜ℎ(?⃗? ) = ∑𝑓𝑖(|?⃗? |)𝑓𝑗(|?⃗? |)𝑒
𝑖?⃗? (𝑟 𝑖−𝑟 𝑗)
𝑁
𝑖,𝑗
 (20) 
which gives, 
 
𝐼𝑐𝑜ℎ(?⃗? ) = 𝑁〈𝑓2(|?⃗? |)〉 + ∑𝑓𝑖(|?⃗? |)𝑓𝑗(|?⃗? |)𝑒
𝑖?⃗? (𝑟 𝑖−𝑟 𝑗)
𝑁
𝑖≠𝑗
 (21) 
where N is the total number of atoms and f is the Q-dependent X-ray scattering factor. The 
coherently scattered intensity can be written from Equation (20). 
 𝐼𝑐𝑜ℎ(?⃗? )
𝑁〈𝑓(|?⃗? |)〉2
−
〈𝑓2(|?⃗? |)〉
〈𝑓(|?⃗? |)〉2
=
1
𝑁〈𝑓(|?⃗? |)〉2
∑𝑓𝑖(|?⃗? |)𝑓𝑗(|?⃗? |)𝑒
𝑖?⃗? (𝑟 𝑖−𝑟 𝑗)
𝑁
𝑖≠𝑗
 (22) 
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S(Q)-1 can be defined in Equation (22). To obtain S(Q)-1; the self-scattering 〈𝑓2|𝑄|⃗⃗ ⃗⃗  ⃗〉 which 
has no atom-pair correlation information is subtracted [75]. Finally, S(Q) can be written in 
terms of the coherently scattered intensity that has only structure dependent information. After 
ignoring the total number of atoms, N, as a result the equation below is obtained: 
 
𝑆(?⃗? ) =
𝐼(?⃗? ) − 〈𝑓2〉 + 〈𝑓〉2
〈𝑓〉2
= 1 +
1
𝑁〈𝑓〉2
∑𝑓𝑖𝑓𝑗𝑒
𝑖?⃗? (𝑟 𝑖−𝑟 𝑗)
𝑁
𝑖≠𝑗
 (23) 
where −〈𝑓2〉 + 〈𝑓〉2 is the so-called Laue monotonic diffuse scattering which is coming from 
the mixture or different chemical species in a sample. Using 𝑒𝑖?⃗? (𝑟 𝑖−𝑟 𝑗) ≈ 𝑠𝑖𝑛𝑄𝑟/𝑄𝑟, S(Q) can 
be rewritten as Equation (24). Note that in a macroscopically isotropic sample, 𝑟 𝑖 − 𝑟 𝑗 takes 
all orientations in space with equal probability. 
 
𝑆(?⃗? ) = 1 +
1
𝑁〈𝑓〉2
∑𝑓𝑖𝑓𝑗
𝑠𝑖𝑛(?⃗? . 𝑟 )
?⃗? . 𝑟 
𝑁
𝑖≠𝑗
 (24) 
The total structure function, S(Q), oscillates around 1 as 𝑄 → ∞. The coherently 
diffracted intensity in S(Q) dies out with increasing Q due to the Debye-Waller factor [76]. 
For a single element system, 〈𝑓2〉 is equal to 〈𝑓〉2 in Equation (23) and as a result  𝐼(?⃗? ) =
〈𝑓〉2 at high Q-values. S(Q) oscillates around 〈𝑓〉2 at low Q-values and it approaches 1 at high 
Q-values.  
F(Q) is known as the reduced total scattering structure function and defined in terms of 
S(Q) in Equation (25) as: 
  𝐹(𝑄) = 𝑄[𝑆(𝑄) − 1] (25) 
F(Q) oscillates around zero when Q goes to high Q-values. Diffuse scattering can be 
seen more clearly in F(Q) than in S(Q). 
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G(r) is called the pair distribution function and it is a one-dimensional function 
oscillating around zero. Positive peaks in G(r) show the probability of finding interatomic 
distances where microscopic pair density exceeds the average number density (ρ(r)>ρ0). On 
the other hand, negative peaks correspond to a real space vector not having atoms where a 
microscopic pair density is lower than average (ρ(r)<ρ0). In the case of neutron diffraction, 
positive peaks correspond to two nuclei with either both negative or both positive scattering 
length, while negative peaks correspond to pairs with one negative and one positive scattering 
length of the nucleus. 
 The pair distribution function is a weighted sum of N(N+1)/2 partial PDFs that describe 
the pair correlations between certain elements in the material, where N is the number of 
elements [77,78]. Note that “+” in this formula describes the self-correlations between the 
atoms of the same type. The weighting factors 𝑤𝑖𝑗  depend on the respective atomic 
concentration and atomic form factors of each element [78] (Eq. 26). Here the weights for x-
rays are constant over all Q-values and they are calculated as f(Q=0). 
 𝑤𝑖𝑗 = 𝑐𝑖𝑐𝑗𝑓𝑖(𝑄)𝑓𝑗(𝑄)/∑|𝑐𝑖𝑓𝑖(𝑄)|
2 (26) 
 
2.2.2.2. Requirements for High Quality Total Scattering Data 
The PDF method requires mainly high maximum momentum transfer, Qmax (for good 
resolution in real space), high Q-resolution (for a broad extension in real space), good 
counting statistics at high Q-values, low and subtractable background scattering. The PDF 
method carries no less information than Rietveld method. 
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Effect of Qmax value 
The main difference from an experimental point of view between data for conventional 
Rietveld refinements and PDF is the necessity to measure to as large Q-values as possible for 
PDF. The real space resolution of the PDF is given by 𝛿𝑟 ≈ 𝜋/𝑄𝑚𝑎𝑥 and directly related to 
the maximum Q-value, Qmax [79] and the real space resolution gets better with increasing the 
Qmax value. 
In practice, the data cannot be measured up to infinite momentum transfer, Q, the 
accessible maximum Q is limited. Hence, the finite Q-range of the data introduces errors into 
the experimental PDF, known as termination ripples. The termination ripples are spurious 
oscillations at small r-values, typically lower than reasonable nearest neighbour distances and 
vanish at increasing r. In practical applications, the Fourier sine transform of F(Q) does not 
go from zero to infinite, but from minimum to maximum Q-values [9]). The termination 
ripples can be described by convoluting the G(r) with a step function cutting at Qmax. The 
sinc(r) step function is given by: 
 𝑆(𝑟) = sin(𝑄𝑚𝑎𝑥 . r)/r (27) 
 
The termination ripples oscillate with a wavelength ~2𝜋/𝑄𝑚𝑎𝑥 in G(r) and the 
wavelength of the ripples increases with decreasing Qmax [8]. On the other hand, the 
convolution of G(r) with S(r) results in a Gaussian like peak broadening. However, thermal 
motion of atoms always broadens the PDF and the additional broadening due to termination 
is negligible if a high enough Q-value is chosen. If Qmax is larger than 30 Å
-1, termination 
produces minimal errors [80].  
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To compare the expected PDF for different instruments simulations with a standard 
reference material were performed. Results are shown in Figure 9.  The maximum Q 
attainable is 6.28 Å-1 and 7.30 Å-1 (at 2θ=127o) using laboratory diffractometers with Co-Kα1 
and Cu-Kα1 radiation, respectively. However, PDF analysis cannot be applied using these 
diffractometers due to the limited real space resolution and the termination ripples with long 
wavelength. In order to obtain high Qmax, the use of laboratory sources with short wavelength 
(high-energy) such as Mo-Kα1 (Qmax=15.85 Å-1) or Ag-Kα1 (Qmax=20.11 Å-1) radiations are 
necessary together with a maximum scattering angle (2θ) near 127o which can usually be 
achieved. The real space resolution and the termination ripples of PDFs from Mo and Ag 
sources are reasonable and these sources are suitable for PDF analysis. However, high energy 
X-ray synchrotron radiation is always preferred for accurate PDF measurements with short 
acquisition time and good statistics which affect the Qmax and with highest real space 
resolution. PDFs of LaB6 are modelled for different X-ray sources considering only Qmax, 
high-energy beamlines MSPD (the energy of 30 keV) at ALBA, Barcelona and P0.2.1, HRPD 
(the energy of 60 keV) at Petra III, Hamburg (Figure 9).  
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Figure 9 - Simulated PDFs of LaB6 for different finite Q ranges. 
 
Effect of Q resolution 
The finite angular or Q resolution of the measurement leads to a decrease in the 
amplitude of the PDF peaks with increasing ‘r’. High resolution data can be obtained even at 
high Q-values using X-ray scattering [9,76]. In a crystal with perfect structural coherence, 
PDF peaks extend to infinity with a constant envelope of the amplitude. But in practice, the 
amplitude of PDF peaks attenuates more rapidly due to the finite Q resolution of the 
measurement [8]. This is the limitation on the spatial coherence of the measurement. The 
envelope of the peak attenuation due to the finite Q resolution follows a Gaussian shape and 
this envelope is characteristic for each experimental setup. The Gaussian envelope is 
described by: 
 
𝐵(𝑟) = 𝑒𝑥𝑝(−
(𝑟𝑄𝑑𝑎𝑚𝑝)
2
2
) (28) 
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where Qdamp is the dampening parameter which is characteristic for each experimental 
setup. Qdamp can be determined by measuring a material of high crystallinity and crystallite 
size giving the maximum range of coherently diffracting regions. In order to obtain the PDF 
peaks over a large r-distance, it is important to use a high Q-resolution, so that structural 
correlations can be detected up to high Q-values. Beyond the instrument envelope, no 
structural information can be detected. The maximum range in real space where structural 
information can be gathered is defined by [8],  
 𝑟𝑚𝑎𝑥 ≤
𝜋
∆𝑄
 (29) 
In the section of 3.3.1, Qdamp values were obtained for a Stoe Mo diffractometer and 
beamlines P02.1 at Petra III and MSPD at ALBA. 
Effect of Counting Statistics 
The Debye-Waller factor reduces the intensities of Bragg peaks, thereby, at high Q-
values the scattering is predominantly diffuse scattering and the signal to noise ratio is poor. 
Therefore, it is mandatory to measure with very good counting statistics especially at high Q-
values. The PDF peak broadening due to counting statistics is given by [80], 
 𝜎𝜌(𝑟)
2 ≈ (8𝜋4𝑟2)−1 ∑[𝑄𝑖
2/𝑁𝑡𝑜𝑡(𝑄𝑖)][∆𝑄𝑖]
2 (30) 
where Ntot(Qi) is the total number of counts collected in each region of Q. Good statistics 
can be obtained with increasing counting time at high angles. Insufficient counting time in 
particular at high Q-values, will produce unwanted noise in the PDF. 
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Effect of Other Contributions 
To measure accurate total scattering data low backgrounds, stable detectors and detector 
electronics during the experiment are necessary. Total scattering data include extrinsic 
contributions, such as the sample container, air scattering or necessary admixtures to the 
sample in addition to the scattering from the sample itself, so that it is important to measure 
all these contributions and to subtract them from the total scattering data, if possible.  
2.2.2.3. Structural Information from the PDF 
Structural information can be extracted from the peak position, intensity, width and 
peak attenuation of the PDF. The peak position in the PDF gives directly the bond length, 
which represents the average separation of the pairs of atoms in real space. The bond lengths 
can be obtained up to diminishing amplitude of the PDF due to limited structural coherence 
in the sample or due to restricted Q resolution. The integrated intensity of a PDF peak yields 
information regarding the coordination number.  The coordination numbers can be calculated 
from the radial distribution function, RDF, R(r), which is; 
 𝑅(𝑟) = 4𝜋𝑟2𝜌(𝑟) (31) 
and the coordination number is given by; 
 
𝑁𝐶 = ∫ 𝑅(𝑟)𝑑𝑟
𝑟2
𝑟1
 (32) 
where r1 and r2 define the RDF peak that corresponds to the coordination shell [8]. 
The PDF peak width gives information about the static and dynamic disorder in the 
atom pairs. The peak attenuation of the PDF reveals the length of the structural coherence, if 
all PDF peaks from the structure are within the instrumental envelope. 
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Chapter 3 - EXPERIMENTAL  
 
 
 
3.1. Electrochemistry 
In order to perform electrochemical experiments, a VMP (Perkin Elmer Instruments, 
USA) multichannel potentiostat controlled by computer with the program EC-Lab was used. 
Furthermore, Galvanostatic Cycling with Potential Limitation (GCPL) was used for the 
electrochemical cycling process. In this technique, there is a potential limitation between 
working and counter electrodes and the changes of potential between these limited values 
with time are recorded by applying constant current.  
3.2. Diffraction Experiments 
Powder X-ray diffraction experiments were performed on a STOE STADI/P laboratory 
powder diffractometer (Mo-Kα1 radiation), at the high-resolution powder diffraction 
beamline (P02.1) at PETRA-III, DESY and at the Materials Science and Powder Diffraction 
Beamline (MSPD) at ALBA. 
3.2.1. Laboratory Diffractometer 
The STOE STADI/P powder diffractometer (Figure 10) has a curved Ge 111 
monochromator yielding pure Kα1 radiation and the Dectris MYTHEN 1K detector. The 
molybdenum tube gives relatively good flux and its Kα1 emission energy is 17.5 keV 
(λ=0.7093Å). The maximum accessible scattering angle (2θ) is about 127o in Debye-Scherrer 
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mode and the Qmax is 15.85 Å
-1. Using this Mo diffractometer acceptable low resolution PDFs 
can be obtained. The 1D diffraction patterns of samples in a 0.5 mm capillary were recorded 
on a Dectris MYTHEN 1K detector, which is located at a distance of 180 mm from the sample 
center. The MYTHEN 1K detector has a low background without dark current resulting in an 
excellent signal-to-background ratio. To get adequate statistics at higher Q-values, PDF data 
were collected over an angular range of 1o to 127.89o in 2θ with the position sensitive detector 
(PSD) step of 0.45o and 40 s per each step for a single range and 8 ranges were measured in 
total (~25 h). 
 
Figure 10 - Photograph of the Mo diffractometer. 
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3.2.2. Material Science and Powder Diffraction Beamline 
The ALBA-CELLS synchrotron in Barcelona is the most recent synchrotron source in 
Europe. The machine consists of a 268 m circumference storage ring and the electrons are 
accelerated to 3 GeV (Figure 11). 
 
Figure 11 – Aerial view of the ALBA synchrotron. 
 
The MSPD beamline has a superconducting wiggler as an insertion device and it 
operates at energies between 8 and 50 keV. The brilliance of MSPD at the energy of 30 keV 
is 1 x 1014 ph/s/0.1%bw within a 300 x 125 μrad2 aperture [81]. All technical properties of 
the beamline are given in Table 5 and an overview of the beamline is shown in Figure 12. 
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Table 5 - Technical Specifications of MSPD beamline. 
Photon energy range 8 – 50 keV 
Flux at sample ~ 4 x 1012 ph/s 
Photon source size (FWHM) 0.65 x 0.1 mm2 (HxV) 
Photon source divergence (FWHM) 14 x 0.18 mrad2 (HxV) 
Monochromator type Si (111) double crystal with long 2nd crystal 
Insertion device Superconducting Wiggler SCW31 
 
The MSPD beamline is equipped with a Mythen 1D position sensitive detector with 6 
modules and a MAD26 high resolution detector for powder diffraction, however, for PDF and 
high resolution diffraction measurements the Mythen detector was used. The Mythen detector 
is a silicon microstrip detector and covers a solid angle of 40o in 2θ. It provides an angular 
resolution of 0.006o and a Qmax of about 26 Å
-1 at an energy of 30 keV. Besides, the detector 
has some extra advantages in comparison to other commonly used detectors (image plate 
detectors) for PDF measurements. For instance, the fluorescence signal can be discriminated 
in the total scattering data during measurement by changing the threshold energy of the 
detector. In this case during PDF data reduction the correction for fluorescence contributions 
is not necessary. Additionally, Compton scattering contribution to the total scattering data can 
be excluded by a selection of the appropriate threshold energy of the detector [82].. 
Consequently, these advantages improve the quality of the PDF. 
High resolution XRD and PDF measurements were conducted using the energy of 30 
keV and a total exposure time of 200 s. The sample to detector distance was 550 mm and the 
beam size was 3x1 mm2 (HxV). 
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Figure 12 – Photograph of the MSPD beamline at ALBA with MYTHEN 1D and MAD 26 
Detector. 
 
3.2.3. High Resolution Powder Diffraction Beamline (HRPD, 
P02.1) 
PETRA III is the 3rd generation synchrotron radiation source at DESY. It is the biggest 
and most brilliant storage ring in the world and has a circumference of 2.3 km. The electron 
energy is 6 GeV with a beam current of 100 mA. 
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The high resolution powder diffraction beamline P02.1 has an undulator which creates 
a small source with a very low divergence and high flux. The energy at the experimental 
station is fixed to 60 keV which yields negligible polarization effects and very low mass 
absorption coefficients for most elements [83]. 
Table 6 - Technical Specifications of P02.1 beamline. 
Photon energy  60 keV 
Flux at sample ~5 x 1010 ph/s 
Photon source size (FWHM) 140 x 5.6 μm2 (HxV) 
Photon source divergence (FWHM) 7.9 x 4.1 μrad2 (HxV) 
Monochromator type 
Double Laue monochromator with diamond 
(111) and Si (111) crystals 
Insertion device Undulator U23 
 
High resolution XRD and total scattering data were collected on a 16-inch two-
dimensional amorphous silicon (a-Si) flat panel detector XRD 1621 N ES (Perkin Elmer) with 
2048x2048 pixels and 200x200 μm pixel size.  Due to its fast read-out rates (133.2 ms), the 
detector is suitable for in situ / ex situ XRD and PDF measurements providing good statistics. 
The use of a two-dimensional flat panel detector for PDF analysis has been demonstrated by 
Chupas et al. [84]. The detector was mounted orthogonal to the incident beam with variable 
sample-to-detector distance (SDD). The data can be collected with high angular resolution at 
large SDD and with high momentum transfer at short SDD. The accessible Qmax is about 30 
Å-1 when the detector is at SDD of 200 mm. During measurements, the beam size was set to 
0.75x0.5 mm2 (HxV). 
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The samples were filled in borosilicate capillaries of 0.5 mm and mounted perpendicular 
to the beam on a rotary holder without capillary spinning. An empty capillary of borosilicate 
type was measured for background corrections. A LaB6 standard material (NIST SRM 660b) 
was measured at similar conditions for characterising the experimental configuration. The 
capillaries were mounted between adhesive PE foils in the rotary holder shown in Figure 13. 
This holder is usually used for in situ experiments and described in previous papers [83,85].  
 
Figure 13 - Capillaries in rotary-sample holder and with beam stop. 
 
3.2.3.1. In situ Electrochemical Experiment 
In situ characterization methods allow obtaining maximum information about a variety 
of chemical and physical processes in a material during operation of the device. In situ 
measurements can directly link the structural response of the electrode on electrochemical 
charging and discharging. In situ investigations are of crucial importance to elucidate the 
processes during charging and discharging, because ex situ studies can give unsatisfying or 
even misleading information due to relaxation phenomena. In Li-ion batteries, during Li 
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extraction or Li insertion, information such as phase transitions, lattice parameter evolution, 
micro strain, crystallite size, atomic positions and changes in occupation number can be 
obtained. The in situ cell as described by our colleagues was used [83]. The cell was held by 
a multi-cell holder with automated sample exchange between four individual cells.  
 
Figure 14 - Overview of in situ cell for PDF experiments [83]. 
 
The in situ cell is made of stainless steel, consists of windows, spring, current collector, 
working electrode, separator and counter electrode. The windows can be of different materials 
as glass or glassy carbon depending on the specific requirement. They´re fixed with a high-
density polyethylene foil to the steel casing by a heat treatment at 180oC. Lithium metal as a 
counter electrode and Whatman GF/D 2.7 μm as a separator were used. The electrical cables 
for both anode and cathode were contacted by screws. Galvanostatic cycling of the cell was 
performed with a VMP3 potentiostat (Bio-Logic, France). 
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3.3. Determination of Instrument Parameters 
In this section three experimental setups (Alba-MSPD, Petra III-P02.1, Mo-Kα1 
laboratory diffractometer) were investigated to understand the effects of the instrumental 
configuration on the average and local structure studies. 
3.3.1. Resolution of the Setups 
The angular resolution of a setup plays an important role in getting accurate structure 
and microstructure information such as strain and apparent size. Gaussian (U, V, and W) and 
Lorentzian (X and Y) parameters as defined in the FullProf programme for the reflection 
profiles and instrument resolution function in the Rietveld refinement were determined by 
measuring LaB6 (NIST 660d standard reference material). The Gaussian and Lorentzian 
components of full width at half maximum are described as [86–88]: 
 2 2
G
FWHM U tan V tan W       (33) 
 
2
L
Y
FWHM X tan
cos
  

 (34) 
 
The instrumental angular resolution function for the different setups is shown in Figure 
15. The MSPD beamline has the best angular resolution in comparison to the Mo Kα1 
laboratory diffractometer and the P02.1 beamline with an area detector (for SDD of 400 mm) 
for total scattering experiments. The data can be used to analyse the average structure with 
high angular resolution in a Rietveld refinement as well as in a real space PDF refinement. In 
fact, the P02.1 beamline with an area detector at 1600 mm has as good angular resolution as 
the MSPD beamline. However, the data can not be used for PDF analysis due to the limited 
Q-range. The Mo Kα1 diffractometer can be used also for PDF analysis to some extent, but it 
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suffers from long measuring time (~1 day) and low Qmax. At beamline P02.1, the angular 
resolution can be traded against the maximum angular range (at short SDD) by variation of 
the sample-to-detector distance on a motor-driven track system. High angular resolution is 
available at long SDD corresponding to a very limited available angular range, which again 
leads to a low real space resolution in the total scattering measurement. While during ex situ 
measurements the detector position can be changed between long and short SDD quickly (in 
~5 min) and reproducibly, thereby adapting necessary resolution and range, this is no real 
option for in situ measurements since it causes a loss of data during changing between the 
different positions and some inconsistencies because combining data from different due to 
proceeding reactions during the time needed for this change. 
 
Figure 15 – FWHM of the instrumental function of setups. The end of the respective curves 
also indicates the maximum available Q-range. 
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The biggest advantage of the P02.1 beamline is the short exposure time with high 
momentum transfer at a short SDD. Its maximum usable Qmax is 30 Å
-1. The characteristics of 
the different setups are tabulated in Table 7. High real space and angular resolution can be 
obtained at the MSPD beamline with a reasonable exposure time simultaneously. Note that 
the accessible Qmax is the upper limit of the instrument. However, the usable Qmax is an upper 
bound for a reliable signal from the structure in the data that does not include any noise 
coming from outer part of detector. 
Table 7 – Comparison between different setups for PDF measurements. 
 P02.1  
(at 200 mm) 
MSPD Mo Kα1 
Energy (keV) 60 30 17.5 
Wavelength (Å) 0.2072 0.4133 0.7093 
Detector type 2D flat panel Mythen 6K Mythen 1K 
Accessible Qmax (Å-1) 31 27 15.85 
Usable Qmax (Å-1) 30 25 ~15 
Real space resolution, 
Δr≈π/Qmax (Å) 
0.1009 0.1193 0.1977 
Angular resolution, FWHM (o)  0.0666 0.0281 0.0556 
Typical exposure time for PDF 1 min 8 min 1 day 
 
The dampening factor Qdamp, which is characteristic for each experimental setup, is 
determined by fitting envelope (Eq. 28) of the PDF peaks of an ideal crystalline material using 
a least-squares refinement. The dampening factors (Qdamp) in the PDF of LaB6 for different 
setups were determined using the Gaussian envelope function (Eq. 28) as shown in Figure 
16, Figure 17 and Figure 18. 
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Figure 16 - Gaussian damping envelope of LaB6 PDF data obtained at P02.1 beamline at 
Petra III (SDD:200 mm). Blue line shows experimental envelope curve according to 
equation 28. 
 
 
Figure 17 - Gaussian damping envelope of LaB6 PDF data obtained at MSPD beamline at 
ABLA. 
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Figure 18 - Gaussian damping envelope of LaB6 PDF data obtained at Mo Kα1 
diffractometer. 
 
The Qdamp values due to the limited resolution in Q-space, are 0.025, 0.0028 and 0.006 
and the fits of LaB6 PDF data show that the structural correlations can be detected up to 130 
Å, 1150 Å, 500 Å (rmax) for the P02.1 beamline, the MSPD beamline and the Mo Kα1 
diffractometer, respectively. The rmax and Qmax values of LaB6 at the different instruments are 
illustrated in Figure 19. These characteristic values will be used for further PDF analyses. 
Results indicate that the MSPD shows the best compromise between the Qmax (high) and 
detectable structural correlations region (high angular resolution). Therefore, it allows both 
Rietveld and PDF applications at the same time with high quality. 
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Figure 19 – The rmax and Qmax values of LaB6 for different setups. 
 
3.3.2. The Effect of SDD on PDF Data at P02.1 
The Qdamp and Qmax values of the setup at beamline P02.1 were determined at different 
sample-to-detector distances (SDD) shown in Figure 20. It is clearly seen that the Qmax and 
Qdamp values increase due to lower angular resolution when the detector is closer to the sample. 
If the correlations in the PDF are within the instrument envelope, the crystallite size can be 
determined directly by the peak attenuation. Note that a lower Qdamp value means access to a 
longer-range structural coherence. Therefore, it is important to determine the dampening 
factor (Qdamp) of a setup and the observable PDF correlation region before the PDF 
experiment. The SDD value can then be chosen accordingly for the desired type of 
measurement. The maximum observable correlations in the PDF within the instrument 
envelope at different distances are tabulated in Table 8. Note that the maximum observable 
correlations in the PDF also depend on the setup i.e. detector resolution. For instance, for a 
nanocrystalline sample with 150 Å crystallite size the detector must be moved to at least 250 
mm distance from the sample to determine the crystallite size. However, in order to 
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investigate the local structure with a high real space resolution, the detector must be closer to 
the sample (200 mm), because high angular resolution is not necessary for PDF analysis. 
 
 
Figure 20 – The rmax and Qmax values of LaB6 at different sample-to-detector distances 
(SDD). 
 
Table 8 – Maximum observable correlation lengths that depend on the setup i.e. detector 
resolution in the PDF within the instrument envelope. 
SDD (mm) 200 250 300 350 400 450 500 550 600 
rmax (Å) 130 160 180 200 220 250 270 300 340 
 
3.3.3. The Effect of Exposure Time on PDF Data at P02.1 
For high quality PDF data high Qmax value, good statistics at high Q-value (which 
determines the width of the peaks in the PDF), sufficient flux at short wavelengths and low 
levels of background are necessary. The data collection time differs according to the strength 
of the scatterers and the sensitivity of the detector. Chupas et al. 2007, demonstrated that the 
a-Si flat panel detector can enable high resolution, high sensitivity and fast time-resolved PDF 
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studies for Ni having sharp Bragg peaks and amorphous SiO2 which has weak scattering 
intensity with absence of Bragg reflections [89]. Their PDF studies on Ni shows that the 
signal-to-noise ratio at high Q-values slightly improved with increasing exposure time and 
that the ripples at low-r values in the PDF from systematic errors got smaller. In the case of 
amorphous SiO2 the effect of counting time is even more pronounced, so that the quality of 
the PDF got worse with decreasing exposure time due to declined statistics at high Q-values.  
In the case of deteriorated signal-to-noise ratio, one has to reduce the usable Q-range and this 
again introduces termination ripples. However, even in this situation the quality of the PDF 
of amorphous SiO2 for 13s counting time by using a a-Si flat panel detector was good, there 
was no big difference to that of 80s. 
The effect of exposure time on the quality of the PDF data was investigated at beamline 
P02.1. The high voltage lithium-ion battery cathode material LiNi0.5Mn0.5O4 [13] was 
measured at a SDD of 400 mm with different exposure time (5s, 10s, 20s, 30s, and 60s). The 
structure functions, S(Q), that oscillates around 1 at high Q are shown in Figure 21. There is 
no significant difference between the structure functions especially in the low Q region. The 
signal-to-noise ratio decreases with increasing Q in S(Q) due to the Debye-Waller factor and 
it is clearly seen in the inset that the ratio gets slightly worse with decreasing exposure time. 
The better signal-to-noise ratio is reflected by a smoother curve. 
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Figure 21 – The experimental structure functions, S(Q), of LiNi0.5Mn0.5O4 collected with 
different exposure times. 
 
The signal-noise ratio effect can also be seen in the reduced structure function graph, 
F(Q)=Q(S(Q)-1), that oscillates around 0 at high Q (Figure 22). In spite of a lower statistics 
at high Q for short exposure time, the structural features in the PDF are still the same (Figure 
23). A comparison of the PDFs recorded from 5s to 60s is illustrated in Figure 24. It is clearly 
seen that there is no difference in the short range of the PDF which shows that a measurement 
time of 5s is sufficient when using a 2D flat panel detector. This indicates that fast time-
resolved experiments are possible for PDF analysis. 
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Figure 22 – The experimental reduced structure functions, F(Q), of LiNi0.5Mn0.5O4 collected 
with different exposure times. 
 
 
Figure 23 - The experimental PDFs of LiNi0.5Mn0.5O4 for different exposure times (at SDD 
of 400 mm in Table 8). 
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Figure 24 - The comparison of experimental PDFs of LiNi0.5Mn0.5O4 collected within 5s and 
60s exposure time and associated difference curve. 
 
The corresponding residual values of the PDF fits performed with PDFGui [90] are very 
similar and above 17% with a slight decrease with increasing exposure time for these PDF 
refinements (Figure 25).  
 
Figure 25 - Corresponding Rw values of PDF fits of LiNi0.5Mn0.5O4. 
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3.4. Data Processing 
 
 
3.4.1. 2D Data Integration 
The detector calibration and the two-dimensional image integration were performed 
with the X-ray image processing software FIT2D [91]. The correct sample-detector distance, 
the center of the Debye-Scherrer rings on the detector and the detector tilt angles were found 
in FIT2D by measuring a LaB6 standard sample. Artefacts as the shadow of the beam-stop or 
dead pixels are masked in the software and excluded from further data treatment shown in 
Figure 26. The unmasked area was then used to extract the diffraction intensity. After 
masking, appropriate start values for sample-to-detector distance (in milimeters), wavelength 
(in Ångstroms), horizontal and vertical pixel size of the detector (in microns) have to be given 
as shown in Figure 27. 
 
Figure 26 - Masked area on a two-dimensional diffraction image of LaB6. 
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Figure 27 - Calibrant pattern refinement parameters for measured LaB6 sample with a 16-
inch two-dimensional flat panel detector of the XRD 1621 N ES Series (Perkin-Elmer). 
 
After giving the appropriate initial parameters, three or more points are selected on the 
inner diffraction ring. The program then defines an initial beam centre and refines the 
refineable parameters.   
To get a one-dimensional pattern with intensity vs. 2θ, the image has to be integrated. 
This can be done in different ways such as partial integration, often called ‘cake integration’ 
[83]. In the cake integration, the integrated region is defined by a graphical coordinate input 
for the starting azimuth, end azimuth and inner and outer radii of the integrated area. In this 
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case, the integrated region lies completely on the detector. For full integration, a rectangular 
area is used for integration. As a consequence some of the data in the rectangle lies outside 
the detector or the rectangle has to be chosen small enough so that all points are within the 
measured area thereby wasting a considerable amount of intensity. The full and cake 
integration of a 2D diffraction image of LaB6 are shown in Figure 28 and their integrated 1D 
diffraction patterns in Figure 29. In the image integration processing, the software takes the 
intensities in the detector pixels and assigns them to the correct bins of the 1D array [92]. In 
the upper right image in Figure 29, at higher Q-values the signal of the full integration 
becomes compromised near the detector edge that adds noise to the obtained PDF. However 
with the cake integration, these challenges can be solved. 
 
Figure 28 - Illustrating the full integration (a) and cake integration (b) on the two-
dimensional diffraction image of LaB6. 
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Figure 29 - The full and cake integrated 1-D diffraction patterns of LaB6. 
 
3.4.2. Rietveld Refinement 
The structure analysis based on the diffraction pattern was performed with the Rietveld 
method using the Fullprof software package [68]. Lattice constants, phase fractions, 
microstructural parameters, distances, atomic coordinates and occupancy parameters can be 
extracted using a least squares procedure, in order to minimize the difference between the 
calculated and the experimental diffraction data. The instrumental resolution function was 
obtained using a LaB6 standard from NIST. 
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3.4.3. PDF Data Reduction 
Before PDF analysis some corrections such as background subtraction, sample 
absorption, polarization, multiple and Compton scattering have to be applied to the total 
scattering data. This can be done using the PDFGetX2 [93] or PDFGetx3 [94] software. 
3.4.3.1. PDF Data Reduction – PDFGETX2 
X-ray PDF data of samples and standard materials from beamline P02.1 and Mo Kα1 
laboratory source were processed using the PDFGetX2 software [93], which is a user-friendly 
graphical user interface (GUI) software to perform standard corrections such as background 
subtraction, sample absorption, polarization, multiple and Compton scattering and then to 
obtain the pair distribution function (PDF) from the measured X-ray powder diffraction data 
by performing a Fourier transformation. 
The measured intensities consist of additive components such as coherent, incoherent 
and background scattering, and multiplicative components such as normalization, multiple 
scattering, absorption and polarization [93,95]. It is described below. 
  I NMAP I I Imeasured coh incoh bkg    (35) 
where `N´ is the normalization factor (normalization by the average atomic scattering power), 
`M´ is the multiple scattering, `A´ is the sample self-absorption correction, `P´ is X-ray 
polarization correction, `Icoh´ is the coherent intensity, `Iincoh´ is the incoherent intensity and 
`Ibkg´ is the background. 
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3.4.3.1.1. Background Subtraction 
Intensity of background comes from the sample container (e.g. glass capillary, Kapton 
foil or empty sample can) and air. It is better to measure the sample without a background 
contribution to the total scattering for increased accuracy [8]. An empty borosilicate capillary 
with low absorption coefficient was measured to estimate the contribution of the sample 
container to the background in the ex situ measurements. An empty in situ battery cell with 
glass and glassy carbon windows, separator and electrolyte were used for background 
estimation in the in situ battery measurement. The intensity of the measured background 
scattering consists of around 75.6% air scattering and 24.4% empty capillary as shown in 
Figure 30. 
 
Figure 30 - Total background intensity (black) and intensity from air scattering (blue). The 
measurements were carried out at a sample-to-detector distance of 400 mm at the High 
Resolution Powder Diffraction beamline (P02.1) at PETRA-III, DESY, using 60 keV X-rays. 
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3.4.3.1.2. Incoherent Intensity Subtraction 
All relevant scattering processes after the collision between the X-ray photon and the 
electrons surrounding the atomic nuclei can be categorized as in Table 9. 
Table 9 – Different scattering processes relevant in a total scattering measurement. 
Scattering Processes  
Coherent elastic Bragg scattering 
Incoherent elastic Laue monotonic diffuse scattering 
Coherent inelastic 
Phonons (vibrational waves), magnons (spin waves) and 
thermal diffuse scattering 
Incoherent inelastic Compton scattering 
 
The incoherent and inelastic scattering mainly consists of Compton scattering and 
contributes to the background intensity in the X-ray diffraction pattern. The incoherent 
scattering has no structural information due to lack of interference of the scattered waves. For 
that reason, it has to be removed from total scattering. Particularly, at high Q-values, the 
Compton scattering becomes larger than the elastic scattering and it can be corrected using 
the Breit-Dirac recoil factor (R) (see Equation 36) [96]. The Compton scattering intensities, 
which are tabulated in the International Tables of Crystallography C, are multiplied by the 
Breit-Dirac recoil factor before being subtracted from the data. 
 2
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(36) 
where λ and λ´ are the wavelength of incident and Compton scattered beam. After subtraction 
of the Compton scattering using the Breit-Dirac recoil factor from the total scattering, if the 
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data still contains the Compton scattering in mid-low Q-region, additional corrections are 
necessary such as the Ruland window function [97].  
3.4.3.1.3. Absorption Correction 
Beside contributions from the sample container, the absorption in the sample itself has 
to be considered. It affects the measured intensity which is the essential information in the 
scattering curve. It is determined during the data treatment using chemical composition, 
sample thickness, the packing fraction and the linear attenuation coefficient (μ) of the sample. 
3.4.3.1.4. Multi Scattering Correction 
Multiple scattering is only calculated up to double scattering that is often the dominant 
contribution to the intensity of multiple scattering. This multiple scattering depends on 
experiment geometry and absorption coefficient and is corrected using the double scattering 
ratio, which is given by Warren and Mozzi [98]. This correction is only significant when the 
sample is rather absorbing or in the case of high energy. For non-strong absorbing samples, it 
can be neglected. 
3.4.3.1.5. Polarization Correction 
The monochromatic incident beam of synchrotron radiation is theoretically linearly full 
polarized in the horizontal plane, however, in practice, the beam is not completely polarized 
(95% polarized) and for that reason, small corrections might be necessary. The polarization 
correction factor, P, using a crystal monochromator is given by Eq. 37 [8,99]. 
  21 cos 2
1



x
P
x

 
(37) 
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where 2θ is the scattering angle and x is the constant which depends on the degree of 
polarization of the incident beam. x is given by x=(1-f)/(1+f), where f is the polarization rate 
of the incident radiation in the direction perpendicular to the scattering plane. Using Eq. 37 
the polarization correction factor is calculated as shown in Figure 31.  
If the radiation is unpolarized, f=0 and x=1 
If the radiation is fully polarized, f=1 and x=0. 
 
Figure 31 – Polarization factor vs. scattering angle (2θ) for monochromator that is located 
in the incident beam. The black and green lines correspond to the fully polarized beam and 
unpolarized beam, respectively. 
 
3.4.3.1.6. Anomalous Scattering and Absorption Correction 
In the last step to obtaining the corrected PDF the determined S(Q) has to be divided by 
the mean-square average atomic scattering factor <f(Q)>2, which is defined as 
 
〈𝑓(𝑄)〉2 = [∑𝑐𝑎(𝑓𝑎
0 + 𝑓𝑎
′ + 𝑖𝑓𝑎
′′)
𝑎
]
2
= [∑𝑐𝑎(𝑓𝑎
0 + 𝑓𝑎
′)
𝑎
]
2
+ [∑𝑐𝑎𝑓𝑎
′′
𝑎
]
2
 (38) 
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where ca is the concentration of the atom species, 𝑓𝑎
0(𝑄) is the Q-dependent atomic form 
factor of a species, 𝑓𝑎
′ and 𝑓𝑎
′′are the real and imaginary terms of the energy-dependent 
anomalous scattering, respectively. Anomalous scattering occurs whenever the energy of the 
incident radiation is close to an absorption edge of the scatterer. The anomalous scattering 
corrections can be neglected if the incident X-ray energy is not close to an absorption edge of 
one of the elements. 
3.4.3.2. PDF Data Reduction – PDFGETX3 
Another software for data reduction is PDFGetx3, which allows to processes several 
hundred data sets in a few minutes. The reduced structure function is corrected using an 
eighth-degree polynomial approximation that is for rapid acquisition PDF data. PDF data of 
in situ measurements and measurements from the MSPD beamline were processed using 
PDFgetX3 [94]. 
3.4.4. The Difference between Rietveld and PDF Analyses 
There are some differences between the Rietveld and PDF methods. While Rietveld 
refinement makes use of reciprocal space data I(Q) or I(2θ), a PDF refinement is applied to 
in real space data after Fourier transformation. Additionally, in the Rietveld method both 
instrumental and sample contributions affect the intensity profiles. However, the PDF method 
does not use any instrument profile. In this case, the Rietveld method gives lattice parameters 
with better accuracy than the PDF method. For that reason, in comparison of cell parameters 
of PDF and Rietveld analyses, there is a systematic offset. Another difference is that the PDF 
method allows analysing specific ranges in real space and to refine all parameters with respect 
to the selected length scale such as local, medium or long-range scale. 
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3.4.5. PDF Data Analysis 
In a PDF refinement, the structural parameters are modelled to the data in real space. 
The modelled and the experimental data are compared and the difference between both is 
described by the goodness-of-fit parameter. The PDF data can be analysed by using a ‘small-
box modelling’ or a ‘big-box modelling’. In the small box approach, a unit cell is defined, 
which is periodically repeated in space. This unit cell contains all structural information 
including deviations from ideal symmetry. The structural parameters of this cell are then 
refined based on the experimental PDF data. By this way more than one crystallographic 
phase can be treated. In a big-box approach on the other hand, the structure is described using 
a ‘big box of atoms’, e.g. a 10x10x10 supercell that describes either a complete nanoparticle 
or at least a large volume fraction of the material. All structural parameters in this supercell, 
as for instance atomic positions, can then in principle be refined. The other difference between 
small-box and big-box modelling is that in the big-box approach only interatomic distances 
within the one big box are considered, while in the small box also interatomic distances 
between neighboured boxes are taken into account.  
3.4.5.1. Small-Box Modelling 
The program PDFGui [90] was used for extracting structural information from the total 
scattering diffraction data in real space using small-box modelling. The small-box modelling 
approach implies the refinement of one unit cell with periodic boundary conditions using a 
least-squares procedure to minimize the residual intensity between measured and modelled 
data. The main difference to conventional Rietveld refinement is that the local structure which 
is not considered in the average structure is being fit [100]. The results of the real space 
refinement in PDFGui (and also in DISCUS [101]) can be compared quantitatively with that 
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of conventional Rietveld refinements. The advantage of PDFGui is that the PDF can be 
modelled quickly and simply for defined ranges rmin-rmax in real space. PDFGui is a user-
friendly graphical user interface built on the PDFfit2 engine and it allows fitting of multiple 
phases.  
During PDF refinement, the sample dependent parameters such as unit cell parameters, 
atomic fractional coordinates, correlated atomic motion parameter and atomic displacement 
parameters are refined and dampening of PDF peaks that is the experimental parameter 
(Qdamp) was fixed.  
In this refinement, the residual functions, which are a measure of the disagreement 
between the calculated and experimental PDF, are equivalent to that of conventional Rietveld 
refinements. The weighted disagreement factor, Rw, is defined as: 
 
𝑅𝑤 = √
∑ 𝑤(𝑟𝑖)[𝐺𝑜𝑏𝑠(𝑟𝑖) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖)]2
𝑁
𝑖=1
∑ 𝑤(𝑟𝑖)𝐺𝑜𝑏𝑠
2 (𝑟𝑖)
𝑁
𝑖=1
 (39) 
where w is the same weighting factor as in the Rietveld refinement, w(ri)=1/σ2(ri), where σ is 
the estimated standard deviation on the ith data point at position ri. The chi-square goodness 
of fit for a PDF refinement is given by  
 
𝜒2 =
𝑅𝑤
𝑁 − 𝑃
 (40) 
where P is the numbers of parameters and N is the total number of points used in the PDF 
refinement an N is equal to; 
 
𝑁 =
(𝑟𝑚𝑎𝑥 − 𝑟𝑚𝑖𝑛)
Δ𝑟
=
(𝑟𝑚𝑎𝑥 − 𝑟𝑚𝑖𝑛)𝑄𝑚𝑎𝑥
𝜋
 (41) 
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From the PDF refinement unit cell parameters, atomic fractional coordinates, atomic 
displacement parameters, bond lengths and angles, partial PDFs describing the pair 
correlations between certain atoms in the material and differential PDFs, which are the pair 
correlation between specific atoms and all other atoms, can be obtained. 
3.4.5.2. Big-Box Modelling 
Another approach of analysing the total scattering data in a big box is the so-called 
Reverse Monte Carlo (RMC) method. The RMC modelling technique was first developed by 
Mc Greevy and Pusztai in 1988 [102] and allows to extract the structural information from 
neutron, X-ray and extended X-ray absorption fine structure (EXAFS) measurements [103]. 
RMC modelling is used in the program package DISCUS [101] which is a useful tool for 
defect structure simulations and for the analysis of diffuse scattering. 
The RMC method is a variation of the standard Metropolis Monte Carlo (MMC) method 
[103,104]. MMC is a statistical approach and produces randomly an ensemble of atoms with 
a Boltzmann distribution of energies. While MMC is usually used to minimize the energy of 
a system in order to generate a disordered structure until reaching minimum energy, RMC 
minimizes the difference between calculated and observed data within its errors until 
obtaining an acceptable agreement [105]. The principle of RMC modelling is illustrated in 
Figure 32. Firstly, it starts with a reasonable initial structure configuration and calculates the 
diffraction pattern and pair distribution function of the generated structure. Then the goodness 
of fit parameter χ2 is calculated as given in (Eq. 42). 
 𝜒2 = ∑
|𝐼𝑜𝑏𝑠−𝐼𝑐𝑎𝑙𝑐|
2
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2
𝜎2
𝑁
𝑖=1  (42) 
 Chapter 3 - EXPERIMENTAL - Data Processing 67 
 
Figure 32 – The algorithm of Reverse Monte Carlo (RMC) modelling. 
 
Step 2 is to change a variable in a random direction (move an atom or swap atoms) and 
then the data and the χ2 of the new configuration are recalculated. The change of χ2 is given 
by Δχ2= χ2(new)- χ2(old). After a parameter shift and if Δχ2<0, then the movement is accepted 
and it will improve the fit; otherwise, if the movement results in a poorer fit (Δχ2>0) it is 
accepted with a probability, P, which is given by Equation (43). The parameter σ controls 
how many bad moves will be accepted. This probability tries that the model converges on the 
global minimum rather than being trapped in a local minimum. 
Make an initial 
structure model 
and calculate χ2 
Change a 
variable 
randomly 
Calculate 
change in χ2 
Keep new 
configuration 
with a certain 
probability 
Keep new 
configuration 
Repeat until an acceptable                 
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  2P exp / 2   (43) 
This process is continued by returning to step 2 and repeated until an acceptable 
agreement is obtained. In order to ensure that only physically and chemically reasonable 
structures are obtained, some constraints may be defined. For instance, minimum bond length 
and bond angle may be restricted and/or specific atoms may be allowed to move only in 
specific regions of the configuration (restriction of coordinates).  
3.5. Sample Synthesis and Preparation 
 
3.5.1. Al0.57Sn0.43O1.71 
The AlySn1-yO2-y/2 (y = 0.57) material was prepared by co-precipitation method. In this 
technique the cation sources are dissolved in an aqueous solution and mixed with a solution 
of precipitation agent. After the filtration of the precipitates the final crystalline oxide is 
obtained by calcining the precipitates at various temperatures [106]. Al0.57Sn0.43O1.71 was 
obtained by using Al(NO3)3.9H2O and SnCl4.5H2O as precursors. The final product was 
obtained at different calcination temperatures: 40oC and 550oC after 5 h heating in air [67]. 
3.5.2. LiMn2O4 
Commercial LiMn2O4 spinel powder from Alfa Aesar was used. The LiMn2O4 electrode 
mixture was prepared from an 80:10:10 (wt. %) mixture of the active material, polyvinylidene 
difluoride (PVdF) as a binder and super P carbon as a conduction material. These three 
components were ground in mortar by hand for around 5 minutes and the mixture was pressed 
with an 8mm diameter pressing tool by applying 2 tons to get a pellet. Finally an in situ cell 
was prepared with this pellet. 
 Chapter 4 - RESULTS AND DISCUSSIONS - Al0.57Sn0.43O1.71 69 
Chapter 4 - RESULTS AND 
DISCUSSIONS  
 
4.1. Al0.57Sn0.43O1.71 
Issac et al. investigated the local environment of Al0.57Sn0.43O1.71 by 
27Al and 119Sn 
Magic Angle Spinning (MAS) NMR spectroscopy as well as Sn Mössbauer spectroscopy 
[67]. 27Al MAS NMR data clearly indicate that the Al3+ and Sn4+ ions are randomly distributed 
on the cation sites and the oxygen vacancies are randomly distributed on the anion sites. 119Sn 
MAS NMR and Sn Mössbauer spectroscopy show that local structural distortions occur on 
the octahedral site around the Sn4+ ions. Such distortions have also been observed for pure 
(undoped) SnO2 by 
119Sn MAS NMR and Sn Mössbauer spectroscopy when the particle size 
is reduced to a few nanometers and they have been ascribed to the presence of large amounts 
of Sn in surface-near regions [107]. 
4.1.1. Al0.57Sn0.43O1.71 calcined at 550oC 
 
4.1.1.1. Rietveld Analysis 
The aristotype rutile structure of Al0.57Sn0.43O1.71 has a body-centred tetragonal unit cell 
with a=4.738 Å, 4.738 Å and c=3.186 Å in space group of P42/mnm [108] and it consists of 
edge-sharing SnO6 octahedra. Each Sn atom (2a Wyckoff site) is coordinated to 6 oxygen 
atoms (4f Wyckoff site) and each edge-shared oxygen octahedron is corner-shared with an 
adjacent infinite chain as illustrated in Figure 33.  
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Figure 33 – Crystal structure illustration of rutile type SnO2. 
 
Al0.57Sn0.43O1.71 with 0.57 mol Al and 0.43 mol Sn crystallizes in the tetragonal space 
group P42/mnm. 14.25% of oxygen is removed to maintain charge balance due to the 
substitution of 57% Sn4+ by Al3+. Al and Sn atoms are randomly distributed on the cation sites 
(2a Wyckoff site) and the oxygen vacancies are randomly distributed on the anion sites (4f 
Wyckoff site). 
The Rietveld refinement of the structure parameters based on the synchrotron 
diffraction pattern of Al0.57Sn0.43O1.71 from which the empty capillary measurement had been 
subtracted, which was measured with SDD of 400 mm at P02.1 beamline at Petra III, was 
performed with space group P42/mnm. During Rietveld refinement of tetragonal 
Al0.57Sn0.43O1.71, background points referring to diffuse scattering in our case (29 background 
points), cell parameters, isotropic thermal displacement parameters and the positions of O 
atoms were refined with an Rwp-value of 3.76 %.  
The refinement of the model and structure parameters based on the synchrotron 
diffraction pattern is shown in Figure 34. According to the micro-strain analysis, the average 
crystallite size is 14 (±3) Å. The first neighbour distances of metal-oxygen (Al/Sn-O) are 
2.042 Å and 2.058 Å in a unit cell of 4.749(9) Å (a=b) and 3.164(8) Å (c) as tabulated in 
Table 10.  
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Figure 34 - Synchrotron diffraction pattern of Al0.57Sn0.43O1.71 nanoparticles calcined at 
550oC and measured in a 0.5 mm capillary at a wavelength of 0.2079 Å. 
 
Table 10 - Rietveld results of Al0.57Sn0.43O1.71 nanoparticles calcined at 550
oC. 
Unit cell parameters a=b=4.749(9) Å and c=3.164(8) Å 
Temperature parameters Al=Sn=0.1(1) Å2 and O=1.9(9) Å2 
Metal-Oxygen distances* 2.042 Å and 2.058 Å 
Average crystallite size 14 (±3) Å 
*Note that bond lengths from Rietveld method represent the distances between the average atomic positions. 
 
4.1.1.2. PDF Data Reduction 
During PDF data processing using the PDFGetX2 software, all necessary corrections 
were adequately achieved for background subtraction, absorption, polarization, multiple and 
Compton scattering. As shown in Figure 35 only the background from the glass capillary 
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gives a considerable contribution. Another high contribution to total scattering data is the 
inelastic and incoherent Compton scattering that becomes stronger at high Q-values. 
 
Figure 35 - XRD pattern of Al0.57Sn0.43O1.71, empty capillary measurement and corrections 
in linear scale (a) and in log scale (b). Qmax is 22.6 Å
-1. Some curves are not visible, 
because they virtually overlap at nearly zero contribution. 
 
4.1.1.3. Small-Box Modelling 
The challenges of a Rietveld refinement for a nanostructured material are significant 
owing to the broad Bragg reflections. Nanostructures can be better elucidated from total 
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scattering data, which includes both Bragg and diffuse scattering using PDFGui [90,109] with 
a small-box modelling approach or DISCUS [101] with a big-box modelling approach. While 
the small-box modelling approach implies the refinement of one unit cell with periodic 
boundary conditions using a least-squares procedure, the big-box modelling approach means 
that up to many thousands of atoms in a big box are individually shifted using an RMC 
algorithm, in order to get a good fit to the experimental data. 
Despite the broad and overlapping peaks in the diffraction pattern, sharp peaks are 
evident in the PDF for distances up to about 20 Å, which gives the average crystallite size 
(Figure 36). No structural correlations exist beyond this distance. As given in Table 8, the 
maximum range for observable features in the PDF is up to 220 Å for a SDD of 400 mm, 
Qmax=22.6 Å
-1. In this case, the structural correlations in the PDF are within the instrument 
envelope and the peak attenuation gives directly the crystallite size. 
 
Figure 36 - Experimental PDF of Al0.57Sn0.43O1.71 and illustration of envelopes where σQ is 
the dampening factor and R is the crystallite size. 
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The results of the PDF refinement in PDFGui, are given in Figure 37. The results of 
the conventional Rietveld refinement were used as starting parameters. During PDF 
refinement of Al0.57Sn0.43O1.71 nanoparticles, cell parameters, thermal displacement 
parameters, the positions of O atoms and atomic correlation parameter (which is a parameter 
related to the correlated motion of atoms) were refined with an agreement value of Rw of 
29.75 %.  
The results of the PDF and Rietveld refinements are listed in Table 11. The crystallite 
size is about 20 Å which is in good agreement with earlier TEM investigations on the same 
sample [67].  
 
Figure 37 - PDF refinement of Al0.57Sn0.43O1.71 calcined at 550 
oC. 
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Table 11 - Refinement results from both the PDF and the Rietveld analysis for 
Al0.57Sn0.43O1.71. 
 PDF Rietveld 
Atom Distances (Å)   
Sn-O/Al-O 1.96177(1) 2.042 
Sn-O/Al-O 2.08921(1) 2.058 
O-O 2.86589(1) 2.899 
Cell Parameters (Å)   
a=b 4.711630(4) 4.749(9) 
c 3.154860(5) 3.164(8) 
Rwp(%) 29.75 3.76 
 
The cell parameters of Al0.57Sn0.43O1.71 (4.711 Å, 4.711 Å, 3.155 Å; from PDF 
refinement) are smaller than that of the aristotype rutile structure of SnO2 (4.738 Å, 4.738 Å, 
3.186 Å [108] due to the presence of oxygen vacancies and Al3+ ions instead of Sn4+ ions 
whose ionic radii’s are 0.535 Å and 0.69 Å, respectively [110]. 
The cell parameters obtained from the Rietveld analysis depend on the type of peak 
profile as well as the calibration of the instrument constants. A comparison of the PDF and 
Rietveld analyses shows a systematic offset in the cell parameters in PDF. The interatomic 
distances of the PDF and the Rietveld analyses are slightly different due to size effects and 
the fact that the Rietveld refinement describes the local distortions as an increase in the Debye-
Waller factor [111]. Therefore, the Rietveld refinement does not result in a good fit. An 
estimation of the validity of the Scherrer equation is given in [112] for an upper crystallite 
size of l00-200 nm and in [113] for a lower limit of 3 nm, in this case the overlapped XRD 
peaks become so broad and low that they are difficult to be distinguished from the 
background. Moreover, due to the concurrence of disorder inside the Al0.57Sn0.43O1.71 
 Chapter 4 - RESULTS AND DISCUSSIONS - Al0.57Sn0.43O1.71 76 
nanoparticles and the small crystallite size (~2 nm), the Scherrer equation is less accurate 
[114]. 
 
Figure 38 - Partial PDF of Al0.57Sn0.43O1.71. 
 
After PDF refinement weighted partial PDFs can be obtained as shown in Figure 38. 
The first peak in the PDF indicates the nearest neighbour distances of metal and oxygen at 
1.96177(1) Å and 2.08921(1) Å. The nearest neighbor distances of metal-metal are 
3.154860(5) Å, 3.686190(4) Å and 4.711640(4) Å which are indicated by green, yellow and 
brown arrows, respectively (Figure 39). 
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The PDF peak width is a measure for the amplitude of the relative motions of the atom 
pairs [115]. In a correlated motion next-neighbor atoms tend to move in-phase with each 
other, whereas far-neighbor atoms move more independently. At low r-values the correlated 
motion sharpens the PDF peaks. The PDF refinement of Al0.57Sn0.43O1.71 resulted in a large 
atomic correlation parameter (3.56). 
 
Figure 39 - Aristotype rutile structure of Al0.57Sn0.43O1.71. 
 
4.1.1.4. Big-Box Modelling 
In order to investigate the structure of the nanoparticle with the big-box modelling 
approach, one has to create a nanoparticle first. Then two different RMC operation modes are 
used which consist of swapping atoms and displacing the atom positions.  
4.1.1.4.1. Nanoparticle Modelling 
Firstly a 7x7x7 supercell of the aristotype rutile structure of SnO2 as the initial structure 
in P42/mnm space group was generated. Then a 20 Å diameter nanoparticle was cut out of the 
box shaped ensemble and all atoms outside the particle were purged and a SnO2 nanoparticle 
with 349 atoms was obtained (Figure 40). 
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Figure 40 – Crystal structure of the SnO2 nanoparticle viewed along the a-axis (a) and the 
c-axis (b). 
 
 
Figure 41 - Comparison of experimental and calculated PDF of Al0.57Sn0.43O1.71 calcined at 
550oC modelled as SnO2 nanoparticle. 
 
The PDF of the modelled nanostructure was obtained using sample specific and 
instrument dependent parameters such as finite size, Qdamp and Qmax. As it is seen in Figure 
41, the fit is not in good agreement due to different compositions. The first peak which gives 
the first nearest-neighbour pair of metal-oxygen atoms is slightly mismatched and around 4.2 
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Å an extra peak appears which belongs to the metal-oxygen and oxygen-oxygen pair 
correlations. 
In order to obtain the Al0.57Sn0.43O1.71 nanoparticle with correct stoichiometry, 57% Sn 
atoms were randomly replaced by Al atoms and 14.25% of oxygen was removed to maintain 
charge balance using the initial SnO2 nanostructure.  
 
Figure 42 - Crystal structure of Al0.57Sn0.43O1.71 nanoparticle viewed along the a-axis (a) 
and the c-axis (b). 
 
After replacing the Sn atoms by Al atoms, the first peak is still mismatched. However, 
its intensity increased due to lower average number density and the extra peak around 4.2 Å 
is still visible (Figure 43). Additionally, there is a difference between the experimental and 
calculated width of the PDF peak at 3.7 Å which belongs to the metal-metal pairs and might 
be due local distortions around the metal atoms. 
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Figure 43 - Comparison of experimental and calculated PDF of Al0.57Sn0.43O1.71 
nanoparticle. 
 
4.1.1.4.2. RMC Models 
RMC modelling was applied in three steps using a structure model and the experimental 
PDF data. In a first step, aluminium and tin atoms were randomly swapped in each step of the 
RMC refinement with 25 iterations. In a second step, oxygen ions and oxygen vacancies were 
randomly swapped using the resulting structure model of the first step (Figure 44). In a third 
step, atoms were displaced within the nanoparticle using the resulting structure model of the 
second step. 
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Figure 44 – Process diagram of RMC modelling of Al0.57Sn0.43O1.71. 
 
After swapping Al and Sn atoms in the structure, the initial goodness-of-fit parameter 
(χ2) of 0.188 slightly decreased to 0.178 and the calculated intensity of the first peak matched 
better with the experimental data (Figure 45).  
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Atoms : O and void 
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Atoms : Positions of 
Atoms 
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Structure 
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Figure 45 - RMC refinement after swapping of Al and Sn atoms. 
 
The oxygen atoms and the corresponding vacancies within the structure were swapped 
using the resulting structure of RMC-1. Note that the algorithm treats oxygen vacancies 
(voids) as atoms which have zero scattering power. The χ2 value of this RMC modelling again 
slightly decreased from 0.178 to 0.177. The comparison between the experimental and 
calculated PDF is shown in Figure 46. 
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Figure 46 - RMC refinement after swapping of O atoms and vacancies. 
 
In a third step, atoms were displaced within the crystal using the resulting structure 
model of the second step (RMC-2) with 500 iterations.  In order to obtain a physically and 
chemically realistic structure, the maximum value for an atom displacement was constrained 
to 0.02, 0.02, 0.02 Å (x,y,z) for each selected atom in a single step. Additionally, the minimum 
bond lengths were constrained to 1.7 Å for metal (Al,Sn)-oxygen, 2.9 Å for metal-metal and 
2.6 Å for oxygen-oxygen distances within the range of the PDF from 1.6 to 20 Å. 
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Figure 47 - The goodness-of-fit for the different RMC refinement steps. RMC-1 is swapping 
Al and Sn ions. RMC-2 is swapping O ions and vacancies. RMC-3 is the refinement of 
selected atom positions. 
 
The goodness-of-fit parameter for each RMC refinement step is given in Figure 47. In 
the third step of the RMC modelling (RMC-3), the positions of Al, Sn, O as well as both Sn 
and O atoms were refined individually to get a good fit. The simultaneous refinement of both 
Sn and O atoms resulted in the largest improvement of the fit. To check the stability of the 
final result, different RMC modelling routes were tried like; 
 RMC-1, RMC-2, RMC-3 (with Sn and O positions), RMC-1 or 
  RMC-1, RMC-2, RMC-3 (with Sn and O positions), RMC-2.  
However, the same results were obtained at the end showing that Al substitution induces a 
local distortion around the Al and Sn atoms. The fact of a local distortion around Sn is 
supported by 119Sn MAS NMR and Mössbauer spectroscopy [67].  The details of RMC-3 
models are given in the sections below. 
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The PDF refinement in PDFGui results in a large atomic correlation parameter. 
Therefore, occupational correlations of atoms were investigated after RMC modelling in 
DISCUS. The occupational chemical correlations of the Al0.57Sn0.43O1.71 nanoparticle in 
Figure 48 and correlations of the RMC-1 and RMC-2 models are shown in Figure 49. The 
correlations show the following terms: 
if the correlation parameter (cij) is negative, i and j sites tend to be occupied by different 
atoms. 
if the correlation parameter (cij) is positive, i and j sites tend to be occupied by the same atoms. 
a zero value of cij describes a random distribution. 
𝑐𝑖𝑗is the value of a parameter that is defined in a respective direction. 𝑐10 and 𝑐11 define 
<10> and <11> directions, respectively. The <10> direction has four symmetrical equivalents 
such as 𝑐10, 𝑐1̅0, 𝑐01 and 𝑐01̅. 
 
Figure 48 - Occupational correlations in the initial structure of Al0.57Sn0.43O1.71 
nanoparticle from DISCUS after replacing. 
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After swapping of Al and Sn atoms as in RMC-1, the correlation parameter between Al 
and Sn atoms increase along the <10> direction which indicates an ordering of the same type 
atoms (clustering). However, along the <11> direction, the correlation between Al and Sn 
atoms decreases to negative values, indicating that 𝑐11 is occupied by different types of atoms.  
 
Figure 49 - Occupational correlations of RMC-1 and RMC-2 models. 
 
The analysis of the occupational correlation of the RMC-2 model shows that the Sn-
void and Al-void correlations decrease along the <11> direction. 
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4.1.1.4.2.1. RMC-3 shift-Al 
After refining the positions of the Al atoms, the χ2 value decreases from 0.177 to 0.011 
(Figure 50). However, the width of the first calculated PDF peak is narrower than the 
observed one. Additionally, an extra peak can be seen at 4.2 Å and peaks around 9 Å are 
mismatched with the observed ones. 
 
Figure 50 - RMC refinement after refining the atomic position of the Al atoms. 
 
4.1.1.4.2.2. RMC-3 shift-Sn 
The refinement of the positions of the Sn atoms reduces the χ2 value from 0.177 to 0.035 
(Figure 51). A comparison with the previous RMC-3 modelling with shifted Al atoms show 
that the fit is in fairly good agreement. On the other hand, there are some mismatches due to 
the metal-oxygen and oxygen-oxygen pairs. 
 Chapter 4 - RESULTS AND DISCUSSIONS - Al0.57Sn0.43O1.71 88 
 
 
Figure 51 - RMC refinement after refining the atomic position of the Sn atoms. 
 
4.1.1.4.2.3. RMC-3 shift-O 
In this model, the O atoms were displaced within the nanoparticle and the χ2 value 
decreases from 0.177 to 0.117. The refinement of the O atom positions demonstrates that the 
nanostructure has not only oxygen distortion but that also local distortions around the metals 
exist.  This can be seen clearly in Figure 52, particularly in the first peak which belongs to 
metal-oxygen pairs. Moreover, the calculated peak around 5.7 Å, which belongs to the metal-
metal and oxygen-oxygen pairs has a higher intensity than the observed one. Additionally, 
some mismatched peaks around 9 Å can be seen clearly.  
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Figure 52 - RMC refinement after refining the atomic position of O atoms. 
 
4.1.1.4.2.4. RMC-3 shift Sn and O 
The simultaneous refinement of the Sn and O positions leads to a χ2 value of 0.014 
which is the best fit in all RMC models used. All peaks are matched in good agreement shown 
in Figure 53.  
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Figure 53 - RMC refinement after refining the atomic position of Sn and O atoms. 
 
The total PDF is a weighted sum of the partial PDFs. For this system it is given as: 
  𝐺AlSnO(𝑟) = 9.13𝐺Sn−Sn + 2.37𝐺Al−Sn(𝑟) + 1.46𝐺Sn−O(𝑟) +
0.62𝐺Al−Al(𝑟) + 0.38𝐺Al−O(𝑟) + 0.23𝐺O−O(𝑟) 
(44) 
 
where the weighting factor (Eq. 26) of each pair were obtained from the DISCUS simulation. 
The program PDFGui and DISCUS give the weighted partial PDFs. However, in the case of 
different scattering powers and concentrations, the weighted partial PDFs have to be divided 
by the respective weighting factors. So, the partial PDFs can be compared. The weight-
independent partial PDFs are illustrated in Figure 54 and Figure 55. 
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Figure 54 - Weight-independent partial PDFs of the metal-oxygen pairs. 
 
In Figure 54, the intensity of the first peak at ~2 Å of Sn-O is higher than that of Al-O 
showing a higher coordination number. This indicates that oxygen vacancies are mostly 
located around Al atoms. This result is consistent with 119Sn MAS NMR data of Issac et al. 
[67]. Figure 55 shows that the intensity of the peak at ~3.7 Å for Al-Al pairs is higher than 
that of Sn-Sn pairs, which points out a clustering of Al atoms in the nanoparticle. 
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Figure 55 - Weight-independent partial PDFs of the metal-metal pairs. 
 
The occupational correlations of the atoms after RMC modelling are shown in Figure 
56. Note that the <10> direction contains Al and Sn atoms and that the <11> direction contains 
Al, Sn and O atoms. After RMC modelling, the correlation parameter of the Al and Sn atoms 
reduced to negative values along the <10> direction which means that Al and Sn atoms are 
distributed with different types of atoms as a sequence of Al-Sn-Al-Sn etc.. However, they 
tend to be distributed with the same type of atoms along the <11> direction, in other words, 
they are partly ordered. The probability of having Al-Sn pairs and the corresponding 
correlation coefficient 𝑐10  are tabulated in Table 12, where the probability of having Al-Sn 
pairs along the <10> direction is 73 % indicating distribution with different type of atoms. 
The occupational correlation parameter of Al-O is zero along the <11> direction which 
indicates that Al and O atoms are randomly distributed in this direction (Figure 56).  
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Figure 56 - Occupational correlations of RMC-3 (refinement of the positons of Sn and O). 
 
Table 12 – The probability and corresponding 𝑐10 of Al-Sn for RMC-2 and RMC-3. 
RMC type Al-Al (%) Al-Sn (%) Sn-Sn (%) Correlation Coefficient 
RMC-2 15 42.5 42.5 0.09 
RMC-3 20 73 7 -0.49 
 
Additionally, the occupational correlation parameter of Sn-void of RMC-3 is slightly 
changed compared to that of RMC-2 along the <11> direction. The correlation of the Sn-void 
pairs increases from 0.5 to 0.76 due to the ordering of voids (Table 13). 
Table 13 – The probability and corresponding 𝑐11 of Sn-Void for RMC-2 and RMC-3. 
RMC type Sn-Sn (%) Sn-Void (%) Void-Void (%) Correlation Coefficient 
RMC-2 37.50 25 37.50 0.5 
RMC-3 35 12 53 0.76 
 
In order to understand the local environment of the Al and Sn atoms, the first peaks of 
the weight-independent partial PDFs of Al-O and Sn-O were analysed in more detail (Figure 
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57). They were modelled with a Gaussian distribution. Egami & Billinge, 2003, explained 
that the PDF peaks actually consist of non-Gaussian distributions due to thermal and zero-
point motion of the atoms and any static displacements from ideal position [8]. However, the 
deviation from a Gaussian is negligibly small. The width of the first PDF peak of Sn-O is 
narrower than that of Al-O. This observation is induced by local structural distortions on the 
octahedral site mostly around the Al atoms in comparison to the Sn atoms due to a structural 
relaxation (Table 14). In the ideal aristotype rutile structure of SnO2, an octahedron has two 
short vertical and four long horizontal bonds. The area of the PDF peak is related to the 
coordination number. Figure 57-a shows that the number of long horizontal bonds is higher 
than that of the short vertical bonds. However, Figure 57-b shows the other way round, the 
number of short bonds is higher than the number of long bonds due to structural relaxation, 
which results in the fact that local distortions are mostly around the Al atoms. Moreover, the 
center of the individual peaks of Sn-O are consistent with the results of the small-box 
modelling (Table 11). However, the center of peak 2 of the two Al-O bonds shows a slightly 
higher r-value than in the small-box modelling (2.08921(1) Å) (as tabulated in Table 11) due 
to the existence of more oxygen vacancies around Al which are not considered in the small-
box modelling.  
Table 14 - Peak characteristics of the fitted first peak belonging to the Al-O and Sn-O pairs 
of the weight-independent partial PDFs. 
 Al-O Sn-O 
 Peak 1 Peak 2 Peak 1 Peak 2 
Peak Center (Å) 1.97 2.16 1.97 2.08 
Peak Area 0.15 0.11 0.15 0.20 
Area Ratio (%) 58 42 42 58 
FWHM (Å) 0.23 0.22 0.19 0.2 
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Figure 57 - Gaussian fits of the first peaks of the weight-independent partial PDFs 
belonging to a) Sn-O and b) Al-O. The baselines are related to the average number 
density of scatterers. 
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4.1.2. Al0.57Sn0.43O1.71 calcined at 40oC 
 
4.1.2.1. Rietveld Analysis 
The refinement of the model and structure parameters based on the synchrotron 
diffraction pattern is shown in Figure 58. The micro-strain analysis resulted in an average 
crystallite size of 11 (±2) Å. The first neighbour distances of metal-oxygen (Al/Sn-O) are 
2.01Å and 2.09 Å in a unit cell of 4.75(1) Å (a=b) 3.191(8) Å (c) as tabulated in Table 15. 
 
Figure 58 - Synchrotron diffraction pattern of Al0.57Sn0.43O1.71 nanoparticles measured in a 
0.5 mm capillary at 0.2079 Å. 
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Table 15 - Rietveld results of Al0.57Sn0.43O1.71 nanoparticles (calcined at 40
oC). 
Unit cell parameters a=b=4.75(1) Å and c=3.191(8) Å 
Temperature parameters Al=Sn=0.6(3) Å2 and O=1.99(±1.08) Å2 
Metal-Oxygen distances* 2.01 Å and 2.09 Å 
Average crystallite size 11 (±2) Å 
*Note that bond lengths from Rietveld method represent the distances between the average atomic positions 
 
4.1.2.2. Small-Box Modelling 
The PDF refinement in PDFGui is given in Figure 59 and Rwp is 33.9 %. 
 
Figure 59 - PDF refinement of Al0.57Sn0.43O1.71 calcined at 40
oC. 
 
The comparison of results between PDF and Rietveld refinement are listed in Table 16. 
The cell parameters of Al0.57Sn0.43O1.71 (4.69 Å, 4.69 Å, 3.15 Å) from the PDF refinement are 
slightly different than that of the Rietveld refinement (4.75 Å, 4.75 Å, 3.19 Å) due to the 
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systematic offset in the cell parameter. The average crystallite size from the PDF refinement 
is 11 (±2) Å. 
Table 16 - Refinement results from both the PDF and the Rietveld analysis for 
Al0.57Sn0.43O1.71 calcined at 40
oC. 
 PDF Rietveld 
Atom Distances (Å)   
Sn-O/Al-O 1.96092(2) 2.01 
Sn-O/Al-O 2.07721(2) 2.09 
O-O 2.85657(3) 2.90 
Cell Parameters (Å)   
a=b 4.690420(5) 4.75(1) 
c 3.147600(6) 3.191(8) 
 
After PDF refinement, the weighted partial PDFs were extracted and are shown in 
Figure 60. The first PDF peak is the nearest neighbour metal-oxygen pair. The first nearest 
neighbour of oxygen-oxygen shows up around 2.9 Å. The PDF refinement resulted in a large 
atomic correlation parameter (3.55). 
 
Figure 60 - Partial PDFs of Al0.57Sn0.43O1.71 calcined at 40
oC. 
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4.1.2.3. Big-Box Modelling 
The local structure of Al0.57Sn0.43O1.71 calcined at 40
oC was investigated by using the 
big-box modelling similar to the nanoparticles calcined at 550oC. First, the nanoparticle was 
modelled according to the stoichiometry and then the structure was solved using the RMC 
modelling. 
4.1.2.3.1. Nanoparticle Modelling 
The aristotype rutile structure of SnO2 was used for modelling and then 0.57 % of Sn 
was substituted by Al. PDF comparison of the modelled nanoparticle of 20 Å in diameter is 
shown in Figure 61.  
 
 
Figure 61 - Comparison of experimental and calculated PDF of Al0.57Sn0.43O1.71 
nanoparticle. 
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4.1.2.3.2. RMC Models 
The RMC modelling was applied using the structure model of the Al0.57Sn0.43O1.71 and 
the experimental PDF data. The modelling was performed in three steps as explained in 
section of 4.1.1.4.2. First, Al and Sn atoms in the structure were swapped (RMC-1). The 
goodness-of-fit parameter of 0.21 slightly decreased to 0.20.  
 
Figure 62 – RMC refinement after swapping of Al and Sn atoms. 
 
In a second step, oxygen atoms and its vacancies within the structure were swapped 
using the resulting structure of RMC-1. This swapping slightly improved the χ2 value (0.196). 
The comparison between experimental and calculated PDF after RMC-2 is illustrated in 
Figure 63. 
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Figure 63 – RMC refinement after swapping O and vacancies atoms. 
 
In a third step, to minimize the difference between experimental and calculated PDFs, 
atoms were displaced within the crystal with 500 iterations. The PDFs of the structure were 
analysed within a range of 1.6 to 20 Å. 
The goodness-of-fit parameter for each RMC refinement step is given Figure 64.  A 
good fit was obtained with the refinement of only Sn atoms, which exhibits the local distortion 
around Sn. However, the largest improvement of the fit was obtained in the simultaneous 
refinement of Sn and O atoms. 
 
 
 Chapter 4 - RESULTS AND DISCUSSIONS - Al0.57Sn0.43O1.71 102 
 
Figure 64 - The goodness-of-fit for each RMC refinement. 
 
To understand which kind of atomic correlation exists in the nanoparticle, occupational 
correlations of atoms were investigated after RMC modelling. The occupational correlation 
parameters from Discus after RMC-1 and RMC-2 modelling of the Al0.57Sn0.43O1.71 
nanoparticle calcined at 40oC are given Figure 65 and Figure 66.  
 
Figure 65 - Occupation correlation of Al0.57Sn0.43O1.71 nanoparticle calcined at 40
oC. 
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After simulation of the nanoparticle, the correlation coefficient of Al and Sn atoms is 
positive along the <10> direction, in other words they are partly ordered. After application of 
the RMC-1 and RMC-2 models, the correlation parameter is negative which reveals in this 
case alternating of atoms along the <10> direction. However, the correlation coefficients of 
other atom pairs along the <11> direction are also positive. This indicates that the ordering 
occurs along the <11> direction (Figure 66). 
 
 
Figure 66 - Occupational correlations of RMC-1 and RMC-2 models. 
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4.1.2.3.2.1. RMC-3 shift-Al 
The initial χ2 value after RMC-2 is 0.21 but after displacement of the Al atom positions 
χ2 reduced to 0.202. The fit is slightly improved. The first peak and the peak at 3.18 Å in 
particular are mismatched. The calculated peak positions are different and their intensities are 
lower than the observed ones.  
 
 
Figure 67 - RMC refinement of Al0.57Sn0.43O1.71 calcined at 40
oC after refining the atomic 
position of Al atoms. 
 
4.1.2.3.2.2. RMC-3 shift-Sn 
Using the resulting structure model of the RMC-2, Sn atoms were displaced and the χ2 
value decreased to 0.196. After the displacement of Sn atoms, the fit is still not in good 
agreement (Figure 68).  
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Figure 68 - RMC refinement of Al0.57Sn0.43O1.71 calcined at 40
oC after refining the atomic 
position of Sn atoms. 
 
4.1.2.3.2.3. RMC-3 shift-O 
The nanoparticle has 196 oxygen atoms. Despite the many refined parameters 
(196*3=588 parameters), the PDF peaks are still mismatched after the refinement of the O 
atom positions. The χ2 value is 0.157 (Figure 69). The experimental and calculated PDF peaks 
of the nearest neighbour of metal-oxygen and metal-metal atom pairs notably don´t match 
well. 
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Figure 69 - RMC refinement of Al0.57Sn0.43O1.71 calcined at 40
oC after refining the atomic 
position of O atoms. 
 
4.1.2.3.2.4. RMC-3 shift-Sn and O 
The best fit was obtained after displacement of the Sn and O atom positions 
simultaneously. The experimental and calculated PDF peaks match well and the χ2 value of 
the RMC-3 model decreased to 0.021 (Figure 70). After RMC-3 refinement, weight-
independent partial PDFs of metal-oxygen and metal-metal pairs were extracted and are 
illustrated in Figure 71 and Figure 72, simultaneously. 
In Figure 71, the intensity of the first peak of Sn-O is higher than that of Al-O, which 
is a result of the oxygen vacancies around the Al atoms. The width of the first peak of the Al-
O pairs is wider than that of Sn-O due to the occurrence of local distortions and oxygen 
vacancies around the Al atoms. 
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Figure 70 - RMC refinement after refining the atomic position of Sn and O atoms. 
 
 
Figure 71 - Weight-independent partial PDFs of metal-oxygen pairs. 
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By comparing the first and second peaks of the metal-metal pairs it can be seen that the 
intensity of the Al-Al pairs is higher than that of others. This indicates a clustering of Al atoms 
in the nanoparticles. 
 
 
Figure 72 - Weight-independent partial PDFs of metal-metal pairs. 
 
The occupational correlations of the atoms after application of the RMC-3 model were 
analysed. The occupational correlations of atom pairs are shown in Figure 73 and all 
correlation coefficients are negative. For Al-Sn pairs the coefficient is negative in the <10> 
direction where the Al and Sn atoms tend to be occupied by different atom types. More 
information about the individual probabilities of Al-Sn pairs along the <10> direction is given 
in Table 17. The probability of having Al-Sn pairs is 67%.  
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Figure 73 - Occupational correlations of RMC-3 model. 
 
Table 17 – The probability and corresponding 𝑐10 of Al-Sn for RMC-2 and RMC-3. 
RMC type Al-Al (%) Al-Sn (%) Sn-Sn (%) Correlation Coefficient 
RMC-2 27 54 19 -0.08 
RMC-3 25 67 8 -0.37 
 
The first peaks of the weight-independent partial PDFs belonging to the Sn-O and Al-
O pairs were analysed using a Gaussian fit Figure 74. The width of the first PDF peak of Sn-
O is narrower than that of Al-O. This is caused by local structural distortions on the octahedral 
site around the Al atoms. In Figure 74-a, the PDF peak (Sn-O) consists of two peaks having 
four short horizontal and two long vertical bonds. However, the peak (Al-O) has two short 
vertical and four long horizontal bonds in Figure 74-b. The peak characteristics of the fitted 
first peaks of the weight-independent partial PDFs are tabulated in Table 20. 
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Figure 74 - Gaussian fits of the first peaks of weight-independent partial PDFs belong to a) 
Sn-O and b) Al-O. 
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Table 18 - Peak characteristics of fitted first peaks of weight-independent partial PDFs of 
Al-O and Sn-O. 
 Al-O Sn-O 
 Peak 1 Peak 2 Peak 1 Peak 2 
Peak Center (Å) 1.93 2.12 1.99 2.12 
Peak Area 0.05 0.09 0.15 0.29 
Area Ratio (%) 35.7 64.3 65.8 34.2 
FWHM (Å) 0.19 0.22 0.22 0.18 
 
 
4.1.3. DISCUSSION 
Conventional Rietveld refinements usually fail for nanostructured complex materials 
because of the small size of nanoparticles and the increased contribution from surface atoms 
compared to the bulk. Therefore, the average structure investigation of disordered 
nanoparticles gives slightly different results compared to the PDF analysis. The PDF method 
that makes use of the Fourier transform of the total scattering signal depicts a complementary 
approach to structure determination of nanosized complex materials. It allows for the 
investigation of the short-range ordering and the cation/anion/vacancy arrangements on the 
different crystallographic sites in the nanoparticles. In particular, the crystallite size of 
Al0.57Sn0.43O1.71 nanoparticles determined from the peak attenuation in the PDF refinement is 
about 20 Å for both samples. The average crystallite sizes from Rietveld refinement for the 
samples are 14 (±3) Å and 11 (±2) Å. This demonstrates again that the use of the Scherrer-
type 1/cosθ dependent reflection broadening estimate of the crystallite size is less accurate in 
the case of both, very small nanocrystals and disorder. The crystallite sizes of Al0.57Sn0.43O1.71 
nanoparticles from the PDF refinement are about 20 Å which is in good agreement with earlier 
HRTEM investigations (~20 Å) on the same sample [67]. The cell parameters obtained from 
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the PDF refinement of Al0.57Sn0.43O1.71 nanoparticles calcined at 550
oC and 40oC are smaller 
than that of the aristotype structure of SnO2 due to the presence of oxygen vacancies and Al
3+ 
ions instead of Sn4+ ions Table 19. 
Table 19 - Comparison of PDF refinement results of Al0.57Sn0.43O1.71 nanoparticles. 
 Al0.57Sn0.43O1.71 
calcined at 550oC 
Al0.57Sn0.43O1.71 
calcined at 40oC 
Atom Distances (Å)   
Sn-O/Al-O 1.96177(1) 1.96092(2)  
Sn-O/Al-O 2.08921(1) 2.07721(2)  
O-O 2.86589(1) 2.85657(3)  
Cell Parameters (Å)   
a=b 4.711630(4) 4.690420(5)  
c 3.154860(5) 3.147600(6)  
 
For the sample calcined at 550oC, since Al has 73 oxygen-vacancy ‘bonds’ and Sn only 
23, the weight-independent partial PDFs of the cation-anion pairs for both samples indicate 
that oxygen vacancies are located mostly around the Al ions. Moreover, in the case of the 
sample calcined at 40oC, Al has 91 oxygen-vacancy bonds and Sn 12 (Figure 75). 
Additionally, the partial PDFs of the cation-cation pairs for both samples illustrate a clustering 
of Al atoms.  
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Figure 75 - Comparison of weight-independent partial PDFs of Al-O pairs of nanoparticles 
calcined at 550oC and 40oC. 
 
The PDF peak-shape of the Al-O and Sn-O partial PDFs gives the atomic probability 
distribution in Al0.57Sn0.43O1.71 nanoparticles. The maximum distortion around the aluminium 
and tin ions is about 0.1 Å for both samples. In the case of the sample calcined at 550oC, while 
the oxygen octahedra around Sn are rather compressed along the ‘vertical’ axis, they are 
elongated for the Al-O octahedra (Figure 76-a and -b). However, in the case of the sample 
calcined at 40oC, the oxygen octahedra around Sn are elongated along the ‘vertical’ axis and 
the Al octahedra are compressed (Figure 76-c and -d).  
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Figure 76 - Comparison of fitted PDFs of the weight-independent partial PDFs of the 
metal-oxygen pairs of nanoparticles calcined at 550oC (a,b) and 40oC (c,d). 
 
The electrochemical properties of Al0.57Sn0.43O1.71 nanoparticles were investigated by 
S. M. Becker [52]. The voltage profile during galvanostatic cycling of Al0.57Sn0.43O1.71 shows 
that Sn is the electrochemically active element at about 0.9 V.  The volume changes during 
Li-Sn alloying/dealloying can be attuned by a Li-Al-O matrix that is a stable buffer and so a 
better cycling stability is obtained. In comparison of the samples calcined at different 
temperatures, the best performance was achieved for the sample calcined at 550oC. 
The elongated Al octahedra may help to construct a large enough matrix to compensate 
for the volume changes during electrochemical cycling. Therefore, the Al0.57Sn0.43O1.71 
nanoparticle calcined at 550 oC exhibits better electrochemical performance than at calcined 
40 oC. As a conclusion, the small particle size and the presence of Al enhances the 
electrochemical stability and thereby strongly improves the electrochemical performance of 
Al0.57Sn0.43O1.71 [52,67]. 
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4.2. LiMn2O4 
LiMn2O4 is a well-known positive electrode material for Li-ion batteries and adopts the 
cubic spinel structure with 𝐹𝑑3̅𝑚 space group (a=8.248 Å) [116]. Lithium ions occupy the 
tetrahedral 8a sites while manganese atoms are situated on the 16d site surrounded by oxygen 
on a 32e site. LiMn2O4 has Jahn-Teller type local atomic distortion that are strongly dependent 
on the local distribution of Mn3+/Mn4+ on the 16d site [44,117]. Since X-ray diffraction 
provides spatially and time-averaged information on the structures, any information on 
disorder is seriously restricted by this averaging. However, exploring the total scattering data 
in real space, information about average structure, manifested in the Bragg reflections, and 
about local structure distortion, manifested in the diffuse scattering, can be extracted. 
4.2.1. Ex situ X-ray Rietveld and PDF Analysis of LiMn2O4 
Rietveld and PDF analysis based on ex situ synchrotron diffraction data are performed 
to examine the local structural distortion and to show the electronic structure of LiMn2O4. 
4.2.1.1. Average Structure Analysis of LiMn2O4 
The average structural refinements were carried out using the Rietveld method based 
on the synchrotron diffraction pattern, which was measured with SDD of 400 mm at P02.1. 
During refinement, background points referring to diffuse scattering, cell parameters, overall 
temperature parameters and the positions of oxygen atoms, were refined with a final an R-
value of 4.69 %. The Rietveld refinement is shown in Figure 77. LiMn2O4 powder crystallizes 
in the space group 𝐹𝑑3̅𝑚 No: 227 (origin choice 2) with a=8.2426(2) Å. The sample 
contained small amounts of Mn3O4 impurity (4 %). The results of the Rietveld refinement are 
listed in Table 20. 
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Figure 77 - Synchrotron diffraction pattern of LiMn2O4 and Rietveld refinement with a 
cubic phase (𝐹𝑑3̅𝑚 space group) and impurity Mn3O4 (lower line of indices) at 
0.2079 Å. 
 
Table 20 – Refinement results from the Rietveld analysis for LiMn2O4. 
 
 
  
 
 
Bond valence sum (BVS) values were calculated using the VENUS (Visualization of 
Electron Nuclear and Structures) software package. The bond valence method is a technique 
to estimate the oxidation states of atoms [118–120]. The bond valence sum (BVS) between 
 Rietveld Analysis  
Average Atom Distances (Å) Cell Parameters (Å) 
Li-O 1.9713(9) a=b=c 8.2426(2) 
Mn-O 1.9588(9) Rwp(%) 4.39 
Mn-Mn 2.91422(3)   
O-O 2.6093(13)   
O-O 2.9222(13)   
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two ions in any compound can be calculated from the bond lengths and it is determined by 
the expression. 
 
𝐵𝑉𝑆 = ∑𝑒𝑥𝑝 (
𝑅0 − 𝑅
𝑏
)
𝑛
𝑖=1
 
(45) 
where R0 is the tabulated bond lengths for the central atom of the selected coordination 
polyhedron [121], R is the actual bond length and b is a constant which is determined 
empirically by examining the bonding in a large number of structures and it is fixed at a 
typical value of 0.37 Å [118–120]. The crystal structure is shown in Figure 78.  
 
Figure 78 – The crystal structure of LiMn2O4. 
 
The average oxidation state of Mn is +3.5 in a [MnO6] octahedron which has six 
equivalent Mn-O distances. The bond valence parameter of the Mn4+ is 1.75 [120]. The 
calculated bond valence sum is +3.413 and the expected bond length is 1.949 Å. Results of 
the BVS calculation are listed in Table 21. 
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Table 21 - Results of BVS calculation. 
Input a bond valence parameter  1.75 
Bond valence of O (x6) -0.5688 
Bond valence sum  3.413 
Oxidation state of the cation +3.5 
Expected bond length (Å)  1.949 
 
By using the PDF method, the atomic positions are determined more precisely than in 
conventional Rietveld refinement where the atomic positions are related to the intensities of 
the Bragg peaks. In order to calculate the BVS of Mn more precisely, the PDF method is 
necessary. Firstly, to estimate the diffuse scattering of LiMn2O4, background points with 
small steps were selected and the scattering data were subtracted by the empty capillary data. 
Then a full profile fitting with the structural model of LiMn2O4 was done (Figure 79). The 
diffuse scattering intensity is shown in blue in Figure 79 as a result of the refinement of the 
background points. 
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Figure 79 - Estimation of diffuse scattering LiMn2O4. 
 
4.2.1.2. Small-Box Modelling 
The structure of LiMn2O4 was investigated using small-box modelling. One unit cell 
with periodic conditions was analysed based on experimental PDF data using a least-squares 
procedure. The scale factors, cell parameters, thermal displacement parameters, the atomic 
correlation parameters and the positions of the oxygen ions and data scale parameters were 
refined to improve the fit (see Figure 80). The refinement results in a large ADP parameter 
for the oxygen atoms. The mass fraction of the impurity phase Mn3O4 is 4 %. Results from 
the PDF analysis for the main phase are listed below (Table 22).  
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Table 22 - Refinement results from the PDF analysis for LiMn2O4 main phase. 
 
 
 
 
 
 
 
 
 
 PDF Analysis  
Average Atom Distances (Å) Cell Parameters (Å) 
Li-O 1.946 a=b=c 8.247 
Mn-O 1.973 Uiso (Li) 0.018 
Mn-Mn 2.916 Uiso (Mn) 0.009 
O-O 2.653 Uiso (O) 0.04 
O-O 2.922 Rwp(%) 9.27 
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Figure 80 - a) PDF refinement of LiMn2O4, b) and c) zoomed views of the local structure 
region. 
 
The PDF fit is in good agreement except for the peaks at 1.93 Å, 2.92 Å, 3.48 Å, 6.50 
Å, and 9.59 Å. The position of the peaks of the calculated and the experimental PDFs are 
mismatched at 1.93 Å, 3.48 Å and 9.59 Å, which are mostly related with Mn-O correlations. 
Additionally, the intensities are mismatched at 2.92 Å and 6.50 Å that contributes from O-O 
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and Mn-Mn. After PDF refinement, the individual PDFs of each phase are compared in 
Figure 81. 
 
Figure 81 – Individual PDFs of LiMn2O4 (96 %) and Mn3O4 (4 %). 
 
The first PDF peak around 1.93 Å is the nearest neighbour of Li-O and Mn-O. The 
second PDF peak indicates the Mn-Mn and O-O pairs. The partial PDFs of the atom pairs are 
shown in Figure 82. The PDF peaks of the partial Mn-Mn pairs are narrower due to a lower 
temperature parameter of the Mn ions than that of other partial PDFs atom pairs. The broad 
PDF peak of the O-O pairs reveals a structural distortion with the oxygen ions involved. 
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Figure 82 – Weight-independent partial PDFs of a) metal-oxygen and b) metal-metal pairs. 
 
4.2.1.3. Big-Box Modelling 
The structural distortion in LiMn2O4 was also investigated using the big-box modelling 
based on the same experimental PDF data. The DISCUS program package was used to model 
and refine the structural parameters of LiMn2O4 using a RMC algorithm. Its pair distribution 
function was computed by taking into account the termination ripples from the limited Q-
range. Since it is not possible to refine multiple phases in the RMC algorithm, the calculated 
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PDF of the impurity phase was subtracted from the experimental PDF data. Firstly, the 
structural parameters based on the experimental PDF were refined using PDFGUI with two 
phases. The PDF of impurity phase was modelled with its scale factor and the structural 
parameters and then the modelled PDF was subtracted from the experimental PDF data. The 
results of the Rietveld refinement were used as starting parameters. A 3x3x1 supercell of 
LiMn2O4 (9 unit cells/504 atoms) was analysed (Figure 83). Mn atoms disproportionated into 
Mn3+ and Mn4+ are equally distributed on the octahedral site (16d) of LiMn2O4.  
 
 
Figure 83 – 3x3x1 supercell of LiMn2O4 viewed along of the z-direction. 
 
The structural parameters were refined in the range of 1.5-10 Å. To avoid unphysical 
atom movements, the minimum ion-ion distances were constrained for Mn-O, Li-O and O-O 
to 1.5 Å. The oxygen ions were selected and their positions shifted in 0.02 Å steps for each 
direction. The RMC refinement and the structure are shown in Figure 84.  
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Figure 84 – a) A two dimensional cut through the 3D model and b) comparison of 
calculated and experimental PDFs of LiMn2O4. 
 
After RMC refinement, the goodness-of-fit χ2 decreased from 1.96 to 0.06 and hence 
all peaks are matched very well. Since the ionic radii of Mn3+ (high spin) and Mn4+ are 0.645 
Å and 0.53 Å, respectively, the expected bond length of Mn3+-O2- is longer than that of Mn4+. 
The mean bond length of Mn-O is about 1.97 Å as giving in the results of the small-box 
modelling. However, in the big-box modelling, the mixed-valence Mn3+/Mn4+ can be 
distinguished. To understand the local environment of the mixed Mn valences, firstly, the 
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weight-independent partial PDFs of the metal-oxygen pairs were obtained (Figure 85). Then 
its first peak was analysed.  
 
Figure 85 - The weight-independent partial PDFs of LiMn2O4. 
 
The first peak of the weight-independent partial PDFs of Mn-O was fitted using a 
Gaussian function. It is shown in Figure 86 where the negatively slopping yellow baseline is 
related to the average number density. The fit was done with two Gaussian peaks at 1.944 Å 
and 1.965 Å. The shorter bond length can be assigned to Mn4+ and the longer one to Mn3+. 
The area of the PDF peak is related to the coordination number [8]. Figure 86 and Table 23 
show that the number of the long bonds is higher than that of short bonds. In other words, the 
peak areas of Peak 1 and Peak 2 are 72 % and 28 %, respectively. According to this result, 
the structure has 0.56 mol of Mn3+ (28% of 2 moles of Mn). This observation is consistent 
with the results of electrochemistry (0.54 mol of Mn3+) [13]. According to the area of the PDF 
 Chapter 4 - RESULTS AND DISCUSSIONS - LiMn2O4 127 
peak, the average valence of the Mn ions is +3.72. Additionally, after the RMC refinement, 
the average bond valence sum from bond lengths of Mn-O using the BVS theory is +3.74. 
During BVS calculation, uncompleted octahedra on the surface of the structure were not taken 
into account.  
 
Figure 86 - Gaussian fit of the first peak of weight-independent partial PDF of Mn-O. 
 
Table 23 - Peak characteristics of the fitted peaks of the weight-independent partial PDF of 
Mn-O. 
 Mn-O 
 Peak 1 Peak 2 
Peak Center (Å) 1.940 1.968 
Peak Area 1.479 0.572 
Area Ratio (%) 72 28 
 
 Chapter 4 - RESULTS AND DISCUSSIONS - LiMn2O4 128 
4.2.2. In situ X-ray PDF Analysis of LiMn2O4 
In situ total scattering experiments were performed on lithium manganese oxide, 
LiMn2O4. It was carried out at a SDD of 400 mm and the maximum Q-value was about 24 Å
-
1. Figure 87 displays the first charging and subsequent discharging voltage profiles of the 
LiMn2O4 sample, as they correspond to the in situ synchrotron diffraction patterns. The 
LiMn2O4 cathode material was cycled with a charge/discharge rate of C/5 in the voltage range 
1.5-4.9 V with the GCPL method (galvanostatic cycling with potential limitation) at room 
temperature. The electrochemical activity in the ~4V region, which is attributed to the 
Mn4+/Mn3+, directly correlates to the amount of Mn3+ in the material (0.54 moles). Using 
Faraday´s Law (Q=n.F/M) (Eq. 5), the number of moles of Mn3+ can be estimated. The voltage 
profile shows a re-intercalation of ~0.75 mole of lithium into LiMn2O4 at ~3V during 
discharging. From ~3V, when the discharging process continues, an irreversible tetragonal 
phase starts to appear. The reason for this deep-discharge is to investigate the irreversible 
structural changes with the PDF technique in detail. The diffraction data recording was started 
with the charging of the cell and the exposure time per pattern was 1 min.  
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Figure 87 - Voltage vs. Li content of LixMn2O4. 
 
All cell components without the active material were treated as background. The 
diffraction pattern of the first in situ data, the total background measurement and the 
background contributions of the individual components are shown in Figure 88. This 
background comes from a separator, binder (wt. 10%), carbon (wt. 10%), electrolyte (200 ml) 
and two windows. Further data treatment was done with the background contribution 
subtracted from the diffraction signal. It is proven that the background is subtractable. The 
contribution of carbon and binder to total background is negligibly small. 
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Figure 88 – The XRD pattern of the first in situ data set and its background contributions a) 
in linear and b) in log scale. 
 
In Figure 87 and Figure 89, blue, red and green colours show charge, discharge and 
deep-discharge with C/2, respectively. Li ions shuttle repeatedly between both electrodes by 
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hopping from one 8a site to another one through the vacant octahedral 16c site. Crystal field 
theory illustrates that Mn4+ ions have empty orbitals, on the other hand, Mn3+ ions have the 
available number of electrons for hopping in the eg-band. Preserving the overall charge 
neutrality, the valences of the Mn reshuffle with Li diffusion during cycling. Therefore, Mn3+ 
and Mn4+ ions cannot be distinguished from in situ XRD and X-ray total scattering 
measurements. Only the average Mn valence can be seen. 
 
 
Figure 89 – In situ diffraction patterns of LiMn2O4 during electrochemical cycling. 
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Figure 90 - 3D plot of the in situ PDFs of LiMn2O4 during electrochemical cycling. 
 
The diffraction patterns show that the Bragg peaks get higher 2θ values during charging 
because of Li deintercalation. So, the cell parameters (Figure 91) and bond lengths (Figure 
92) get smaller. The opposite process occurs during discharging. The Li2Mn2O4 type structure 
appears at 0.78 moles of Li (2.60 V) and it can be clearly seen as a new peak at 5.9o in the 
diffraction pattern (Figure 89). The tetragonally distorted Li1+xMn2O4 phase occurs when 
more than half of the Mn-ions are the Jahn-Teller distorted Mn3+ ions. 
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Figure 91 - Cell parameters of phases from PDF refinement. 
 
 
Figure 92 - Mn-O distances during electrochemical cycling. 
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According to the PDF analysis, the phase fraction of the main phase is more or less 
constant during charging. However, it decreases during discharging. The Li1+xMn2O4 phase 
with 7 % shows up at 3.5 V and its phase fraction increases with further discharge Figure 93. 
 
Figure 93 - Phase fractions of in situ LiMn2O4 during electrochemical cycling. 
 
4.2.3. DISCUSSION 
Before the application of in situ total scattering experiments on LiMn2O4, the electronic 
structure of LiMn2O4, a well-known positive electrode material for Li-ion batteries, was 
investigated using the Rietveld method and PDF methods based on ex situ data. After 
subtraction of the empty capillary measurement, a flat background contribution shows that, 
the material is crystalline. However, in the case of non-linear background, disorder exists in 
the crystalline material. The average structure was examined based on PDF data in a small 
box and based on diffraction data and the results are in good agreement with each other. In 
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contrast to the average structure analysis based on PDF data, peaks are not matched very well 
in short range due to local distortion around Mn ions. The structural distortion in LiMn2O4 
was investigated using a RMC algorithm. RMC refinement shows that the average valence of 
the Mn ions is +3.72 and Mn3+/Mn4+ can be distinguished.  
In situ total scattering experiments were successfully performed on LiMn2O4. All 
components without the active material were measured as background. The experiment 
demonstrates that the background is subtractable. 
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Chapter 5 - CONCLUSION and 
SUMMARY 
 
 
The aim of this work was to check the applicability of the PDF method on battery 
electrode materials. Therefore, the instrument parameters of a Mo-Kα1 diffractometer, the 
P02.1 beamline at Petra III and the MSPD beamline at ALBA for both real and reciprocal 
space were determined. The second aim was to investigate the average and local structure of 
nanocrystalline Al0.57Sn0.43O1.71 anode material using conventional Rietveld refinement and 
X-ray Pair Distribution Function (PDF) technique. Furthermore, the electronic structure of 
LiMn2O4 was obtained using Rietveld and PDF methods based on ex situ data and the 
successful application of in situ total scattering experiments on LiMn2O4 was shown. 
The finite Q-resolution of the measurement leads to a fading of the signal amplitude 
with r in the PDF data. If the amplitude of the PDF attenuates faster than dictated by the Q-
resolution, the structural coherence of the sample can be determined by experimental PDF. 
Therefore, the determination of the dampening factor (Qdamp) that is characteristic for each 
experimental setup is important to measure the structural coherence. The structural peaks of 
LaB6 in the PDF are evident up to 130 Å, 500 Å and 1150 Å for the P02.1 beamline (SDD 
200mm) at Petra III, a Mo-Kα1 diffractometer and the MSPD beamline at ALBA, respectively. 
For instance, to estimate the average crystallite size of a sample having a crystallite size of 20 
nm and to perform a PDF, a Mo-Kα1 diffractometer can be used as well as the MSPD 
beamline. However, the two-dimensional amorphous silicon (a-Si) flat panel detector has to 
be moved 400 mm away from the sample at beamline P02.1 at Petra III to get a sufficiently 
high Q-range. In this case the Qmax value is 22.74 Å
-1. 
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In the case of nanostructured complex materials, the results obtained from the average 
structure investigation with the Rietveld method and the PDF results are slightly different due 
to the small size of the nanoparticles and the increased contribution from surface-near ions 
compared to the bulk. In particular, the crystallite size of Al0.57Sn0.43O1.71 nanoparticles 
determined from the peak attenuation in the PDF refinement is about 20 Å which is in good 
agreement with earlier HRTEM investigations on the same sample as compared to the 
Rietveld refinement which gives much smaller values of 14 (±3) Å and 11 (±2) Å for 
Al0.57Sn0.43O1.71 calcined at 550
oC and 40oC, respectively. The cell parameters obtained from 
PDF refinement of Al0.57Sn0.43O1.71 nanoparticles calcined at 550
oC and 40oC are smaller than 
that of the aristotype structure of SnO2 due to the presence of oxygen vacancies and Al
3+ ions 
instead of Sn4+ ions. The weight-independent partial PDFs of cation-anion pairs for both 
samples indicate that oxygen vacancies are located mostly around the Al atoms and cation-
cation pairs for both samples illustrate a clustering of Al atoms. The maximum distortion 
around the aluminium and tin ions is about 0.1 Å for both samples. The Sn-O octahedra are 
rather compressed along the ‘vertical’ axis and elongated for the Al-O octahedral for the 
material calcined at 550oC. In contrast to that, for the material calcined at 40oC, the oxygen 
octahedra around Sn are elongated along the ‘vertical’ axis and the Al octahedra are 
compressed. The best electrochemical cycling stability performance was obtained for the 
sample calcined at 550oC. The volume changes during Li-Sn alloying/dealloying can be 
attuned by a Li-Al-O matrix and the elongated Al octahedra may help to construct a large 
enough matrix to compensate for the volume changes during electrochemical cycling, which 
results in a better cycling stability.  
The electronic structure of LiMn2O4 was investigated using Rietveld and PDF methods 
based on ex situ data. After subtraction of the empty capillary measurement from the total 
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scattering data, the baseline or background of the diffraction pattern that contains both Bragg 
and diffuse scattering shows that it is non-linear due to existence of disorder around the Mn 
ions. The results of the average structure analysis obtained from the Rietveld refinement are 
in accord with that of PDF. However, PDF peaks with short distances of LiMn2O4 do not 
match very well due to local distortion around the Mn ions. To illustrate the electronic 
structure given by ex situ PDF data a RMC refinement was performed. According to the RMC 
refinement, the average valence of Mn ions is +3.72 and the structure has 0.56 mol of Mn3+ 
which is consistent with the results of electrochemistry (0.54 mol of Mn3+). 
In situ total scattering experiments were carried out on LiMn2O4 successfully. 
Background measurements were done using components without the active material. The 
experiment demonstrates that the background from this in situ setup can be subtracted and a 
reliable PDF analysis of the electrochemically active material could be performed. 
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